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Abstract
Scărişoara Ice Cave has been a catalyst of scientific intrigue and effort for over 150 years.
These efforts have revealed and described countless natural phenomena – and in the process have
made it one of the most studied caves in the world.
Of especial interest is the massive ice block located within its Great Hall and scientific
reservations. The ice block, which is the oldest and largest known to exist in a cave, has been the
focus of multiple surveying and mapping efforts, typically ones utilizing traditional equipment. In
this study, the goals were to reconstruct the ice block/cave floor interface and to estimate the
volume of the ice block. Once the models were constructed, we aimed to study the relationships
between the cave and ice block morphologies.
In order to accomplish this goal, three (3) main datasets were collected, processed, and
amalgamated. Ground penetrating radar data was used to discern the floor morphology below the
ice block. Over 1,500 photographs were collected in the cave and used with Structure from Motion
photogrammetry software to construct a texturized 3D model of the cave and ice surfaces. And a
total station survey was performed to scale, georeference, and validate each model. Once
georeferenced, the data was imported into an ArcGIS geodatabase for further analysis.
The methodology described within this study provides a powerful set of instructions for
producing highly valuable scientific data, especially related to caves. Here, we describe in detail the
novel tools and software used to validate, inspect, manipulate, and measure morphological
information while immersed in a fully 3D experience.

vi

With this methodology, it is possible to easily and inexpensively create digital elevation
models of underground rooms and galleries, to measure the differences between surfaces, to create
3D models from the combination of surfaces, and to intimately inspect a subject area without
actually being there.
At the culmination of these efforts, the partial ice block volume was estimated to be 118,000
m3 with an uncertainty of ± 9.5%. The volume computed herein is significantly larger than
previously thought and the total volume is likely significantly larger, since certain portions were not
modeled during this study. In addition, the morphology of ceiling enlargement was linked to areas of
high elevation at the base of the ice block. A counterintuitive depression was recognized at the base
of the Entrance Shaft. The thickest areas of the ice were identified for future coring projects. And
combining all this a new informational allowed us to propose a new theory on the formation of the
ice block and to decipher particular speleogenetic aspects.

vii

Chapter 1: Introduction
1.1 History and Project Goals
The scientific importance of Scărişoara Ice Cave was first recognized in studies by the
geologist Karl Peters (1861) and geographer Adolf Schmidl (1863). These papers described the
geological context of the karst cave and provided maps and profiles, respective to the specialties of
each scientist. Sixty years later, the renowned biologist and speleologist Emil Racoviţă began a
research campaign at the cave, which included five visits between 1921 and 1923. His work,
published in a 1927 monograph (Racoviţă, 1927), details the crystalline structures of the ice
stalagmites, outlines an early understanding of the cave topoclimate, which provides the means for
ice growth, and correctly surmises the substantial thickness of the ice block. In his monograph,
“Speleology: A new science of the old underworld mysteries,” Racoviţă (1927) advocated for
continued research into the natural history of the Scărişoara and suggested the establishment of a
laboratory in the vicinity of the cave.
While the laboratory aspiration never achieved fruition, the impact of his findings and the
vigor of his advocacy would have lasting effects. For instance, it is through his efforts that in 1933
Scărişoara Cave achieved legal status as a natural monument. This was a first for karst areas in
Romania. Furthermore, in 1920 he founded the Institute of Speleology (later renamed in his honor)
in Cluj-Napoca, which was the world’s first such research institution. Since 1947 the institute and its
employees have conducted a nearly continuous research effort at Scărişoara, including two longduration data collection phases (1962-1968 and 1980-1990) with monthly visits. The data collected
during these research phases provided the basis for dozens of studies covering a variety of topics.
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The mission to investigate the cave and its large ice deposit fell on a cohort of scientists
covering a range of aspects including cave morphology, speleogenesis, ice and calcite speleothems,
glaciological and topoclimate measurements, genesis of the ice block and ice dynamics, paleoclimate
proxy investigations, U/Th dating, and biospeleological (cave fauna) studies. The works of these
scientists, often through collaboration at the Emil Racoviţă Institute of Speleology in Cluj-Napoca,
were organized and consolidated into a monographic study, which cataloged nearly 40 publications
concerning Scărişoara (Racoviţă & Onac, 2000). Since that time, numerous other studies were
conducted; among them concerning the ice block specifically are the successful coring and
radiocarbon age-dating of the ice to a depth of 22.5 m (Holmlund et al., 2005; Perşoiu, 2011),
examinations of the suitability of the ice block as a paleoclimate proxy (Feurdean et al., 2011;
Perşoiu, 2011; Rimbu et al., 2012), the isotopic analysis of the ice formed near the surface of the
block (Perşoiu et al., 2011a), and an updated mechanism regarding the ice block genesis (Perşoiu &
Pazdur, 2010). Other examples of research studies conducted after the publication of the
monograph include breakthrough results in the fields of mineralogy, radiometric dating, cave
climate, and microbiology (Onac, 2001; Zak et al., 2008; Perşoiu et al., 2011b; Cucoş et al., 2016;
Iţcuş et al., 2016). The sheer volume and impact of new information about the cave validate the
need for an additional monograph. All considered, the extent and breadth of the studies published
about Scărişoara make it one of the most researched caves in the world – likely the most researched.
In this study, we aim to add to the important works that proceeded. The work presented in
this thesis builds on past mapping and surveying efforts and includes the first-ever reconstruction of
the floor beneath the ice block and a realistic estimation of the total ice volume hosted within the
Scărişoara Ice Cave. We specifically aim to image the morphology of the ice/cave floor interface
within the Great Hall, construct a more accurate ice block volume model, and describe an ice block
growth mechanism that accounts for floor topography. This study requires the integration of
2

geophysical data derived from Ground Penetrating Radar (GPR) and Structure from Motion (SfM)
photogrammetry, as well as data collected during a traditional Total Station (TS) survey. These
sources have been georeferenced and loaded into a single GIS geodatabase, allowing for quick
visualization, calculation, and portability.
1.2 Geographic and Geologic Settings
The Scărişoara Ice Cave is situated atop the Scărişoara Karst Plateau - part of the Bihor
Massif, a core unit of the Apuseni Mountains in western Romania. The cave is located
approximately 110 km southwest of Cluj-Napoca, the nearest large metropolitan area, and is
accessible via European and National Roads E81 and DN75, respectively, to Gârda de Sus, from
which a scenic route along county road DJ750 connects to the Gheţar Hamlet. The location of the
site is depicted in Figure 1.

Figure 1. Location map of the Scărişoara Ice Cave. Scărişoara Ice Cave (white star) in
NW Romania.
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The karst plateau is bound to the west and east by the Gârda Seacă and Ordâncuşa Valleys,
respectively (Figure 2A). The surficial geology of the plateau primarily consists of the Mesozoic
limestone and dolomite formations of the Bihor Unit with overthrusts of siliciclastic Permian
deposits (sandstones and conglomerates with argillaceous shales and rhyolites) at the southwest
extremity (Bleahu et al., 1981, 1985; Bordea et al., 1988). The Bihor Unit is highly fractured and
karstified and is distinguished by high infiltration and groundwater flow rates, whereas the Permian
deposits act as an impervious boundary and a caprock to regional aquifers. Figure 2 depicts the
geomorphology and geology of the area. Thin section analysis of limestone samples from inside
Scărişoara Ice Cave confirmed the presence of an algae assemblage consistent with the Upper
Jurassic, likely the Lower Tithonic (Bucur & Onac, 2000).
The Scărişoara Karst Plateau hosts the Scărişoara karst complex, which consists of two
aquifer/drainage systems separated by the Munună fault, as depicted in Figure 2B. The complex
represents the totality of the drainage and karst features over the entire plateau. These features
include ponors, uvalas, dolines, caves, and springs. The two hydrographic networks are the Ocoale
Valley – Poliţa to the west, where Scărişoara Cave is a feature, and the Ordâncuşa Valley to the east.
The fault separates the Ocoale and Munună – Hănăşeşti tectonic blocks that hosts these
hydrographically distinct networks (Rusu & Cocean, 1992).
Each of these systems include a karst depression with ponors and resurgent springs that
drain to their respective valleys. The Ocoale Depression comprises a 3.6 km2 area with an
approximate 260 m relief below the highest surrounding hills. The Culmea Pârjolii Hill, where
Scărişoara Cave is located, borders the depression the south.
Scărişoara is a part of the Ocoale – Gheţar – Dobreşti karst system, a prototypical karst
feature distinguished by subsurface stream piracy that migrated toward the headwaters of the Ocoale
River within the Ocoale closed catchment basin.
4

Figure 2. Morphohydrographic (A) and geologic map (B) of the Scărişoara Karst Plateau. The
dash-dot line = boundary of hydrographic networks. Legend items (B): 1 = faults; 2 = overthrust
lines; 3 = Upper Jurassic limestones; 4 = Lower Tithonic limestones; 5 = Jurassic quartzites and
shales; 6 = Triassic quartzites and shales; 7 – 9 = crystalline basement and derivatives; 9 = alluvial
deposits. In both (A) and (B) the numbers identify the following karst features: 1 = Şesuri Shaft; 2 =
Scărişoara Ice Cave; 3 = Pojarul Poliţei Cave; 4 = Poliţei Spring; 5 = Coteţul Dobreştilor Spring
(Racoviţă & Onac, 2000). Blue line (A) indicates the profile line for Figure 3.
This is a three-tiered system with springs that drain to the Gârda Seacă Valley, as depicted in
Figure 3. The interconnectivity between sinks and springs illustrated here was proven after several
rounds of fluoresceine dye tracer studies (Şerban et al., 1957; Rusu et al., 1970; Orăşeanu, 1996,
2010).
The evolution of the Ocoale – Gheţar – Dobreşti karst system is closely linked to the
deepening of the Gârda Seacă Valley with successively deeper tiers being tied to the advancement of
5

the valley incision, the lowering of the hydraulic head within the Ocoale Block, and the northward
migration and extension of the hydraulic divide (Rusu et al., 1970). The migration of the divide is
mirrored by the linear migration of the groundwater sinks that eventually formed entrance shafts to
cave networks. The process that generates tiered karst systems was outlined by Davis (1930) and
updated by Bögli (1980) and Palmer (2007).

Figure 3. Ocoale – Gheţar – Dobreşti karst system. Longitudinal section (Racoviţă & Onac, 2000,
modified from Rusu et al., 1970). Location of the section is shown in Figure 2A.
As shown in Figure 3, Scărişoara represents the uppermost and oldest level of the karst
system (Tier I). The speleogenesis of Scărişoara occurred at a time when the Gârda Seacă Valley and
Ocoale Depression existed at higher elevations – before the level of incision and erosion observed
today. As depicted, Scărişoara was once joined with Pojarul Poliţei Cave at its south end. Tier II is
represented by the Vuiagă Ponor, the Seşuri Shaft and its associated cave network, and the Izbucul
Poliţei Spring. Here the cave network is longer due to the northward migration of the hydraulic
divide. The third and final tier is characterized by several karstic sinks near the Ocoale Hamlet that
are hydraulically connected to the Coteţul Dobreştilor Spring. For further reading, the hydrogeology
of the subject area is covered by Orăşeanu (1996, 2010, 2016).
1.3 General Cave Description
Scărişoara Ice Cave is a linear-trending cave with a total length of approximately 700 m and a
maximum depth of 105 m (Rusu et al., 1970). The cave is accessed by a small hiking path that
6

ascends the heavily wooded Culmea Pârjolii Hill. The Entrance Shaft is located near the crest of the
hill and appears with an enlarged funnel shape up to 60 m in diameter (Figure 4 and 5). As the shaft
descends, vegetation reduces and the walls constrict with a more rigid and angular appearance. The
current toe of the shaft, 48 m below the surface, is defined by the build-up of snow and detritus that
slope westward toward the ice floor in the “Great Hall” (Sala Mare). Near this area, the general
shape of the shaft is more rhombic and southward dipping limestone strata are observed on the
north wall. Photographs of the cave are included as Appendix A.
One enters the cave through a 17 m tall and 24 m wide arch that acts as the gateway to the
Great Hall chamber. From this viewpoint, the majority of the ice block surface is visible, though its
thickness is not readily apparent. This area of the Great Hall is both the most expansive and the
tallest – with the highest point of the ceiling elevated 19.5 m above the ice surface.
Abutting the west wall is a conical build-up of ice, which is topped by three ice mounds
termed “the Eskimos”. Another large ice stalagmite is observed southeast of these features and is
termed “the Monster”. During the springtime these features grow in stature as surface meltwater
percolates into the sub-0º C cave environment - a common theme shared by all ice features in the
cave (ice stalactites, stalagmites, and massive domes).
The northwest section of the main gallery is distinguished by a room and large (western)
crevasse. The northernmost room has been named by locals “the Church” (Biserica, in Romanian).
It features a sharp drop in the ice surface followed by a rather flat surface populated by numerous
ice speleothems. These features are perennial, but grow larger during the spring with complex
crystalline structures and morphologies that reflect the internal climate of the cave (Racoviţă, 1927;
Viehmann & Racoviţă, 1968). The West Crevasse (to the south of the Church) shares a similar
surface drop, which follows the structure of the cave ceiling. This drop leads to an ice wall of several
meters and a small crevice that leads south behind the Eskimos.
7

A

C

D
West Crevasse

Great Reservation

B

Figure 4. Plan of the Scărişoara Ice Cave (Racoviţă & Onac, 2000, modified from Rusu et al., 1970).
See Figure 7 for correct north arrow.

Little Reservation

Great Reservation

Figure 5. Scărişoara Ice Cave longitudinal sections. Section letters are from Figure 4, A-B (with
meroclimatic zones) and C-D (Racoviţă & Onac, 2000, modified from Rusu et al., 1970).
The Church and the West Crevasse appear separated by a ceiling arch that blocks access at
the ice surface. During past surveys of the cave, these two sectors appeared connected near their
western and lower extents (Rusu et al., 1970; Onac, pers. comm.).
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Scărişoara features a second opening to the surface in the northern part of the Great Hall.
This North Shaft narrows upward until its passage is obscured. A small pile of organic detritus rests
below it. This shaft is also intersected by a typical circular phreatic conduit that dips to the south and
reappears in the Great Hall at ca. 17 m from the Entrance Shaft.
Traversing back toward the entrance, a space opens between the cave and the ice surface
along the northeastern wall. This opening leads to the first of two scientific reserves associated with
the cave – the “Little Reservation” (Rezervaţia Mică). To enter the Little Reservation, one must
descend a 14 m ice wall with exposed stratification. The layering includes both organic material and
cryogenic calcite deposits, which show prominent folding at the north and south ends. An elevated
toe of ice is bordered by stony debris at the wall’s base. A (northern) crevasse, between the ice block
and cave wall, runs north before curving west toward the Church. Near the center of the Little
Reservation, the floor, which is covered by limestone breakdown, rises sharply toward massive
calcite speleothems along the eastern wall. Behind these columnar speleothems is a short passage
named “Sânziana’s Palace” (Palatul Sânzienelor), which hosts two unexplored chimneys at its end.
The entrance to the second scientific reserve, termed the “Great Reservation” (Rezervaţia
Mare), is located at the south end of the Great Hall. Here the ice block is steeply sloped with
stepped terraces that descend to a depth of 90 m below the surface. This portion of the Great
Reservation is term the “Maxim Pop Passage” in honor of the man who initiated a 1947 expedition
to explore the area. The central part of the Great Reservation is situated at the end of this passage
and is characterized by a horizontal cave floor covered by large ice speleothems and numerous cave
pearl fields (Viehmann, 1958). The area is up to 45 m wide and 20 m high. At its end, collapsed
ceiling blocks create a steep ascent into an area called “the Cathedral” (Catedrala). These limestone
blocks host large calcite domes and other speleothems. In the southern part of the Cathedral, after
passing a constriction (“Margaret’s Window”), the cave continues along a steeply descending gallery
9

(Coman Passage) that ends in the deepest section of the cave (105 m below the cave entrance). It is
believed that the Coman Passage once continued into the Pojarul Poliţei Cave, which is located on
the hillside in line with Scărişoara and with a correlated elevation.
1.4 The Ice Block and Cave Topoclimate
Various measurements have been collected and analyzed to describe the climatic conditions
inside Scărişoara Ice Cave. For example: air flow, air temperature, bedrock temperature, ice block
temperature, ice floor elevation, relative humidity, evapocondensation, ice stalagmite heights and
morphologies, and fauna counts. Particular focus has been paid toward establishing the temporal
trends and the relationships between internal conditions and external ones such as temperature and
precipitation.
Significant efforts have been invested into unraveling the complex interplay between each of
these phenomena. These efforts have resulted in multiple publications written in several languages,
most notably Romanian and French. It is not in the purview of this study to relate all of the findings
of these studies. However, a large portion of the findings have been translated into English and
cataloged in a monograph study authored by Racoviţă and Onac (2000). Here we briefly describe the
characteristics of the ice block and the topoclimate that allows for its sustainment.
According to Racoviţă (1975), “a topoclimate defines all mass and energy exchanges that are
established between the outside atmosphere and the cave as a whole”. A defining feature of the cave
topoclimate at Scărişoara Ice Cave, as confirmed by direct observations and extensive cave climate
measurements, is the internal ventilation regime (Figure 6). This regime is heavily influenced by the
cave morphology, which is mostly descending and has large openings only at its upper extent. The
thermocirculation is driven by density differences between cold and warm air, whereby cold air
avalanches into the cave during winter months and displaces an equal volume of warmer air via
convection (Racoviţă, 1984, 1994a). Cold air becomes trapped during the summer and
10

thermocirculation ceases somewhere below the middle section of the Entrance Shaft. Thus, the cave
has a seasonal bi-directional ventilation that is only active in the winter (Racoviţă, 1975) when cold
air descends into the cave creating a glacial-like meroclimate in the vicinity of the ice block (Şerban
et al., 1948). A meroclimate refers to a feature of the underground climate that only occurs in a
specific area of the cave. It is notable that in summer, the super-chilled ice block and cave wall
substrata act as temperature modulators by cooling the local meroclimate and driving low levels of
convection (Racoviţă, 1991; Perşoiu et al., 2011a).

Figure 6. The air circulation in Scărişoara Ice Cave during winter (A) and summer (B)
(Racoviţă, 1984).
The temperature in the cave gradually increases as a function of distance from the Entrance
Shaft and ice block. As a result, the cave environment hosts four distinct meroclimate types: a
transitional meroclimate within the Entrance Shaft; glacial meroclimates in the Great Hall and near
the ice block, including the upper part of the Maxim Pop Passage; periglacial meroclimates in most
of the Little Reservation, lower part of the Maxim Pop Passage, and the Cathedral; and warm
meroclimates in Sânziana’s Palace, the uppermost part of the Cathedral, and the Coman Passage.
11

The locations of these meroclimates are depicted in Figure 5. These trends are reflected in average
annual temperature measurements for these areas – around -0.9°C for the Great Hall, -0.2°C for the
Great Reservation, and 4.2°C for the Coman Passage (Viehmann et al., 1965; Racoviţă, 1994a;
Perşoiu, 2011).
The planar surface of the ice block has an area of around 3,000 m3, while several sloped
sectors increase this extent laterally. A number of ice volume estimations were derived by surveying
portions of the cave and extrapolating downward to a guessed depth. The results obtained ranged
anywhere from 65,000 to 125,000 m3. The elevation ice block’s surface (ice level) and mass
fluctuates annually with a maximum in early spring and a minimum in autumn (Racoviţă, 1994b).
During the summer, when air temperatures in the Great Hall are near or slightly above
freezing (~0.0 to 0.1°C, average), small lakes form on the southern and northeastern surface of the
ice block. The height of the water film is typically several centimeters and forms from the in-situ
melting of the upper surface of the block and the relatively warm percolation of precipitation water
(Perşoiu, 2011). A large proportion of this meltwater is lost as drainage to the peripheral rooms of
the cave via small drainage canals occurring on the surface of the ice block. At the end of summer
these canals freeze over, which supports the accumulation and eventual freezing of surface water.
In autumn, this lake begins to freeze at the onset of <0°C air inflow (usually in October, but
variable) and completely freezes by the end of December. Here, ice quickly forms at the surface of
the lake, which then slowly freezes downward (Perşoiu, 2011). Immediately after this time period,
additional ice growth is promoted by falling condensation and occasional percolation of snow melt.
This ice formation process continues in winter and accelerates in early to late spring, when snow
melt percolation contributions increase and spring rains initiate (Racoviţă & Crăciun, 1970). Studies
indicate that warmer and wetter winters lead to an increase in ice accumulation, whereas dryer
summers lead to less ice loss and ablation (Racoviţă, 1994b; Perşoiu, 2011).
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Chapter 2: Methodologies
We amalgamated three data sources to create our coherent ice block model: (i) a quasi-3D
GPR survey, which was used to interpret glacial bed morphology; (ii) a total station survey tied to
Global Navigation Satellite Systems (GNSS), which was used to establish ground control points; and
(iii) photographs of the cave and ice surfaces, which were used to generate a SfM-derived 3D model
of the Great Hall and Little Reservation. GPR data were collected during a campaign in July of 2007
and the additional surveys were completed in July and August of 2016. Each dataset was initially
processed in software designed to work with the native raw data. The subsequent outputs were
georeferenced for export, loaded into a geodatabase, and processed with ESRI ArcGIS products.
2.1 GPR Survey
Ground penetrating radar is a geophysical technique that exploits dielectric permittivity
contrasts in earth materials to image the subsurface. A typical GPR unit consists of a control unit, a
dual-antennae transmitter/receiver unit (antenna), and a power source. As an electromagnetic (EM)
wave exits the transmitter and passes through heterogeneous earth materials it encounters either
boundaries or materials where changes in dielectric permittivity exist. At these locations a portion of
the energy is transmitted through the interface and a portion is reflected back to the receiver. The
control unit records the varying signal amplitudes returning to the antenna and accounts for the
travel time to obtain a depth profile. The time-window of data collection is specified by the user and
its length effectively determines the depth of the GPR profile. However, attenuation often
obfuscates the signal with increasing depth rendering inappropriately large time-windows
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unnecessary. The time-window is set large enough that the area of interested is covered, but
sufficiently small so that noise and aliasing are avoided.
The applications of radar to glacial and frozen materials dates to the 1950’s when airborne
radio echo soundings (RES) were performed in Antarctica and Greenland to determine ice sheet
thicknesses (Steenson, 1951; Cook, 1960; Harrison, 1970). Subsequently, these techniques were
developed for ground-based surveys and used to characterize valley glaciers (Davis et al. 1973; Watts
& England, 1976; Watts & Wright, 1981; Wager, 1982). As the technology advanced, the commercial
production of GPR equipment and GPR processing software materialized and its uses diversified.
An overview of the development and intricacies of applying GPR to frozen materials is presented by
Woodward and Burke (2007). In addition, several papers cited in this study detail GPR use in cave
ice (Tulis & Novotný, 2006; Woodward & Burke, 2007; Hausmann & Behm, 2011, Colucci et al.,
2014; Lende et al., 2016) and glaciers (Macheret et al., 1993).
2.1.1 GPR Configuration
On July 6th and 7th, 2007, our team mobilized to Scărişoara with a Geophysical Survey
Systems, Inc. (GSSI) Sir 2000 control unit and a 200 MHz antenna unit. During data collection, the
system was towed behind the team along designated transects. After testing the 200 MHz antenna
with several time windows, 330 nanoseconds (ns) was chosen, which allowed for the visualization of
the apparent bedrock during data playback. A summary of GPR tests as well as general notes can be
found in Appendix B. The GPR unit was set to gain EM signal returns based on a time-varying
curve that increases gain with increasing depth. The curve was defined by five gain steps set at 3.0,
54.0, 60.0, 63.0, and 65.0 decibels (dB) for transects T1 through T45, and 7.0, 60.0, 65.0, 68.0, and
73.0 dB for T51.
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2.1.2 GPR Survey Design
The GPR survey consists of gridded and non-gridded GPR transects within the Great Hall,
which are depicted in Figure 7. Typically, the gridded transects were located inside of the polygonal
area of the touristic boardwalk, while the non-gridded ones were located in the exterior areas. The
exception is T42, which is the sole non-gridded transect within the boardwalk area.
The location of the GPR survey was originally documented using a field sketch of the
boardwalk and cave. For the gridded section, a straight leg of the boardwalk was sought to be an axis
for a quasi-Cartesian grid that covered the largest possible area. We used the eastern portion of the
boardwalk, south of the Entrance Shaft, for this end. This portion was nearly perpendicular to the
southernmost boardwalk section and was quasi-parallel to the south-westernmost. The field drawing
of the grid is attached as Appendix C.
We collected gridded transects roughly perpendicular (T2B through T20) or parallel (T28
through T35) to the east section. The perpendicular east-west transects began at the south end of
the boardwalk from the eastern edge. A spacing of 1 m was approximated as the survey moved
toward the north. The south-north trending transects, which ran nearly parallel to the eastern
boardwalk section, were initiated at the southern edge of the boardwalk and were spaced at
approximately 2 m intervals. Transect T28 followed the 2 m spacing pattern, but was oriented northsouth.
The orientations of transects T21 through T27 were unclear. According to the field notes,
they were spaced at 1 m intervals north of T20, but their starting locations were not drawn on the
field map and were not adequately described in the notes. It became clear during the modeling
process (Section 3.3) that the GPR depth profiles of these transects deviated substantially when
compared to more constrained profiles that covered the same area (T29 through T35, and T42).
Due to these facts, T21 through T27 were removed from the overall GPR dataset.
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Figure 7. Map of GPR transect orientations. Gridded transects are depicted inside the southern
portion of the boardwalk. Non-gridded transects are depicted throughout. The GPR transects that
were removed due to positional uncertainty are shown as dashed gray lines. The ice core used for
GPR surface depth correction is displayed as a blue circle.
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We collected non-gridded transects in a less typical manner than above; their lengths and
extents were determined by their proximity to cave features and obstacles. The east-west transect,
T1, was collected south of the boardwalk and extended beyond its width in both directions.
Transects T2A through T6A are extensions of gridded transects T2B through T6B (Figure 7). They
initiated near the eastern cave wall, southwest of the Entrance Shaft, and ended at the outer edge of
the eastern path section. Transects T36 through T39 are located east-northeast of the boardwalk and
typically initiated in the southeast at distinct rock fall obstacles and ended at the toe of a shallowangled ice buildup in the northwest. Transects T40 and T41 initiated at the boardwalk and ran
perpendicular to T36 through T39, ending at the transect path of T39. Transect T42 was in the
interior of the boardwalk area and ran from a position near the southeastern corner to the
northernmost corner of the boardwalk. Transect T43 ran south-north along the western section of
the boardwalk, initiating at the southwestern corner of the boardwalk. Transect T44 is west of T43
and ran north-south. It was quasi-parallel to T43, but was on the west side of a sizable tree trunk.
Transect T51 was located in the Little Reservation and ran parallel to the ice wall. It initiated in the
northwest and terminated at the southeast, both at the traversable extent of the ice.
2.1.3 GPR Processing and Point Picking
GPR processing was performed with the Reflexw software (version 8.2.2) produced by
Sandmeier Geophysical Research. The raw GPR files were imported into Reflexw and processed in
the following sequence: idle trace removal (40% max trace difference), remove range (front and back
range removal, as needed), subtract-mean (dewow – 7 ns time window), resampling (0.0644 ns time
increment), correct max phase (1 to 8 ns, negative polarity, 1 ns target time, shift by mean),
resampling (0.644 ns time incr.), move start time, cut end time (310 ns). The resulting transects were
then migrated using the diffraction stack method with a summation width of 400 traces and with
velocities of 0.15 and 0.16 m/ns (saved separately). The 0.15 and 0.16 m/ns velocities were chosen
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based on diffraction pattern matching and because they are within the range of common EM
velocities in ice, as cited in literature (Hausmann and Behm, 2011; Colucci et al., 2014). Ultimately,
depth picking was performed using the radargrams migrated with a 0.15 m/ns velocity, which was
chosen because of slightly better diffraction pattern collapse. Diffraction pattern collapse was
observed at varying depths throughout the radargrams.
The georeferenced start and end points were applied to each transect using a custom
MATLAB program that constructs a File Header table for multiple transects. These positions were
acquired as described in Sections 2.2.5 and 2.2.6.2. For simplicity, all transects were given a constant
elevation of 1,137 m, which is within 0.05 m of the average elevation of all ice surface
measurements. Once the geometries of the transects were established, the “Generate 3D-file from
2D-lines” operation was performed to view the files in the 3D-datainterpretation Module. The
location of the lower ice/cave floor interface was manually picked in the 2D-dataanalysis Module.
The pick points were place along common polarity bands where possible. Great care was taken to
avoid picking along an unclear interface. The picks were made on radargrams with 0.15 m/ns
migration while simultaneously viewing the corresponding non-migrated radargram (Figure 8). A
pick file was saved for each transect and then the X, Y, and Z data for all transects were merged into
a single text (.txt) file.
Another question is raised by the fact that GPR often underestimates depths in ice, even
after correcting EM velocity via diffraction hyperbolae or common midpoint (CMP) methods
(Macheret et al., 1993). To account for this, the location and depth of a previously collected ice core
was used to verify the depth of the GPR surface. This core reached the cave floor a depth of 22.5 m
(Holmlund et al., 2005). The location of this core is displayed in Figure 7. The process for calibrating
the GPR-derived surface is discussed in Section 3.3.
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Figure 8. GPR depth picking interface (simplified). Example shows the picks for transect T3B
(left). View shows migrated (left), at 0.15 m/ns, and non-migrated (right) radargrams. Radargrams
were viewed simultaneously while picking. An example pick is indicated by the black arrow.
2.2 Total Station Survey
On August 2nd, 2017, the service of a professional surveyor was obtained to conduct a
survey of cave features within the Great Hall. It was not possible to collect data from the Little
Reservation because climbing equipment and authorization was not available at the time. Survey
equipment included a Leica TC 405 total station (TS) theodolite, for the collection of survey data
inside the cave, and a South S82T Real-Time Kinematic (RTK) GNSS system, which was used to
collect a GNSS/GPS point above the cave. The accuracy standard deviation of the TC 405 is of 5”
(arcseconds) for horizontal and vertical angles and 2 mm +2 ppm (parts per million of distance
measured) for electronic distance measurements (Leica Geosystems, 2008). The South S82T unit (in
RTK mode) has an accuracy of 10 mm + 1 ppm and 20 mm + 1 ppm for horizontal and vertical
measurements, respectively (South, 2008). Prism reflector and reflectorless methods were used
during the survey. When used, the height of the prism reflector was recorded and removed from
each elevation. Corrections to northing were performed in-field.
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All total station measurements were conducted in polar coordinates relative to the reference
stations where the TS was installed. When the station was moved to acquire new sight lines, the new
location was tied back to the previous station location. At the completion of the interior cave survey,
we sighted up the main shaft to the GNSS/GPS collection point. After each recording was made,
internal software in the total station transformed polar coordinates into a local Cartesian system. The
essential outputs of the TS survey are displayed in Figure 9.

Figure 9. Data extracted from the total station survey. Data includes points from the cave walls and
ceiling, upper ice surface, reference objects (GCPs), non-gridded GPR transect start and end points,
and path centerline. The GNSS/GPS point is shown, as is the path centerline and outline.
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2.2.1 Upper Ice Surface Measurements
Using the total station and a hand-held prism reflector, the team collected thirty-nine (39)
3D position measurements of the upper ice surface across the interior of the cave. To obtain these
measurements, one team member held the reflector in a vertical position while another shot the
location with the total station. A total of twenty-one (21) measurements were collected from the
interior portions of the boardwalk and the remaining eighteen (18) were collected from the exterior
areas.
2.2.2 Path Measurements
Similar to the ice points, a hand-held reflector was used to collect ninety-six (96) points from
the centerline of the boardwalk. These measurements focused on the enclosed polygon shape of the
path and did not extend out of the cave. Collection points were spaced at approximately 2 m, except
around hard turns or irregular shapes where a denser spacing was used. All measurements were
collected from the walking surface, which at the date of survey was 0.65 – 0.83 m above the nearest
ice elevations. From these center points, we created a centerline and offset it by half the average
width of the path both toward the interior and the exterior – representing the interior and exterior
edges of the path. These line-based features maintained the elevations recorded from their respective
centerline points.
2.2.3 Cave Wall Measurements
In addition to ice and path measurements, we collected a total of one hundred and thirteen
(113) measurements of the cave walls and ceiling. These points were collected in a cross-sectional
fashion using the total station infrared range sensor (reflectorless method). The cross-sectional paths
can be described as follows: four (4) cross-sections that span the interior of the Great Hall, often
along morphological ridges in the roof structure; one (1) north-south cross-section near the junction
of the Entrance Shaft and the Great Hall; one (1) northeast-southwest cross-section at the entrance
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to the Church; and one (1) cross-section at the entrance to room between the Church and the
Eskimos. One additional point was collected from the location with the greatest perceived elevation.
2.2.4 Ground Control Points
We recorded the locations of seven (7) permanent or semi-stationary objects for use as
ground control points (GPCs) during data processing and georeferencing. The hand-held prism
reflector was used for these measurements. References include the following:


Mark_44 – historical ice level measurement on north wall near opening of cave, center of the
highest red marking;



Core – location of a previously collected shallow ice core, northeast of and adjacent to the
large tree trunk east of the Eskimos;



Log – tip of a prominent wood log located in north east of the cave (impermanent feature);



Mooring – ring shaped mooring in the ice surface, near the entrance to the Little
Reservation;



Monster – highest point atop the Monster ice dome (dynamic feature);



Pipe – small diameter metal tube, nearly vertical, north of ice stalagmite in northern section
of the boardwalk interior;



Boxes – center point between two black electrical boxes at western edge of the entrance to
the Church.
2.2.5 Non-Gridded Transect Survey Points
The location of non-gridded transects were estimated during the second mobilization. These

locations were based on the field notes and diagram for the GPR survey, and the likelihood of
positioning relative to obstacles. The position of these transects were marked by Dr. Bogdan P.
Onac, who was present during both surveys. The markers consisted of long nails that were
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hammered into the ice surface to indicate the start and end points of each transect. These were then
surveyed using the prism reflector.
2.2.6 Survey Processing
Processing was required prior to exporting to, or loading into, an ESRI Geodatabase. Since
the AutoCAD file was constructed in a local coordinate system, like most TS surveys,
transformation was necessary in order to display the data in a projected coordinate system. In
addition, we chose to construct the GPR grid in the AutoCAD environment since it is conducive to
quick drafting and measurement. Finally, the survey included some features that were not necessary
for export. For instance, semi-complete cross-sections were drawn based off of cave wall
measurements and were placed to the side of the actual data. Likewise, some information was
pertinent to the construction of the survey, such as labels and sight lines, but not to our project.
Because of this, the data was prepared for export into the ESRI Arc environment.
2.2.6.1 Transformation of Survey Data
The local coordinate system of the AutoCAD output file had an origin approximately 1,200
m to the west and 700 m to the south of Scărişoara. This placed the point representing the
GNSS/GPS measurement far to the southwest of its coordinates in WGS84 / UTM 34N.
Specifically, the incorrect placeholder GNSS/GPS point was at E 1275.87 m, N 722.98 m in the
survey output file. To correct for this offset we used a simple affine transformation (horizontal
translation) to project our data. This method involved moving the entirety of the survey data to the
northeast so that the incorrect placeholder GNSS/GPS point matched the coordinates of the
correct GNSS/GPS measurement in WGS84 / UTM 34 N (E 638974.07 m, N 5150063.26 m,
Elevation 1,186.59 m). This effectively shifted the data to the northeast by the difference in
GNSS/GPS points (projected – local). Rotational translation of the data was not performed because
the TS survey data was corrected for true north in the field. Survey elevation data was originally tied
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to the elevation of the GNSS/GPS point, so no elevation correction was necessary. In addition, no
scale correction was applied while transforming the data.
2.2.6.2 GPR Grid Reproduction
The in-field notes for the GPR survey design reflect a simplified representation of the GPR
transects in relation to the touristic boardwalk and certain cave features, as described in Section
2.1.2. The in-field design of the gridded transects heavily relied on the near orthogonal orientation of
the eastern portion of the boardwalk in relation to the southern portion. These portions of the
boardwalk, once surveyed, were used in conjunction with the field notes and ice elevation
measurements to place the first of the perpendicular, T2B, and parallel, T28, transects. For transects
T2B through T6B, the angle of placement was not quite as perpendicular to the eastern portion of
the boardwalk as T7 through T20. This is due to the fact that the southern portion of the boardwalk
is not perfectly perpendicular to the eastern portion, but was used as an alignment guide for T2B
through T6B. To correct for this the effect, T2B through T6B were given fanning orientations,
which initiated parallel to the southern portion and transitioned to perpendicular to eastern portion.
Once the survey progressed past the Monster ice feature, a more orthogonal orientation to the
eastern portion was adopted. We used a consistent spacing for transects T7 through T20. This
spacing was determined by placing T20 at the entrance path, as described in the field notes, and
dividing the distance from T7 by 13. This resulted in an average spacing interval of 1.15 m, which
was then applied to transects T8 through T19. We accounted for the areal footprint of the 200 MHz
antenna, 0.6 by 0.6 m, when determining transect start and end points, since the antenna abutted the
boardwalk at each end.
2.2.6.3 Preparation for Survey Data Export
To prepare the survey for export to ArcGIS we first generated additional AutoCAD layers to
organize the data. We then selectively transferred the survey data from their original layers into these
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newly created ones. For instance, survey points of the upper ice surface were originally stored in the
survey layer “cota”, which included several types of survey points. In this example we generated a
layer named “1_Ice_Pts” into which we reclassified the upper ice surface measurements. This
process was repeated for six (6) other categories: points from the cave wall (1_Ceiling_Pts), GCPs
(1_Ref_Pts), points from the boardwalk centerline (1_Path_Pts), the boardwalk centerlines
(1_Path_CL), lines for the boardwalk’s outer edges (1_Path_Buffer), and lines for the GPR transects
(GPR_Transect).
2.3 Structure from Motion Photogrammetry
SfM is used to reconstruct 3D scenes and objects from two or more 2D photographs. The
geometric principles are not unlike those that govern human visual interaction with the world; we
recognize features or objects, then estimate 3D depths and geometries using binocular vision.
Furthermore, our visual estimation of a scene is refined as we move around it and collect addition
data (e.g. parallax).
The underlying principles of a typical SfM workflow include feature detection (as key
points), key point correspondence between photographs, geometric matching, structure from
motion (and camera calibration), scale and georeferencing, parameter refinement, and densification
(Smith et al., 2016). It is important to note that herein SfM generally refers to the entirety of a SfM
photogrammetry workflow, whereas the strict definition of SfM refers only to one element of the
workflow – ray bundling with camera calibration.
A key function of the SfM workflow is to answer the following questions to reconstruct a
3D scene: what are the positions of the cameras used to photograph the scene/object, and what are
the locations of distinguishable features on the object’s surface (key points). Somewhat
counterintuitively, if enough key points correspond and are geometrically matched between
overlapping photographs, the system becomes sufficiently constrained and both can be estimated via
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triangulation, at least at a relative scale (Snavely et al., 2010). This is made possible by projecting the
ray paths that produced the distinguishable features in the photographs (as pixels) back to their
source, where they intersect. This process is partially shown in Figure 10. This task is aided with the
inclusion of geolocation data for certain key points (GCPs) and camera parameters (through Exif
tags attached to digital photographs).

Figure 10. Feature recognition and tracking in a SfM workflow. The intrinsic properties of the
camera are considered with the extrinsic properties of the world frame in the pinhole camera model
(A). Recognizable features are captured as key points and ray paths are traced in order to determine
camera placements (B). Key point correspondences are tracked between photographs (C). These
principles are used to iteratively refine a geometric model while minimizing projection errors.
Adapted from Moulon et al. (2017).
The emergence and application of SfM photogrammetry in the physical sciences has allowed
for the widespread production of accurate topographic models and 3D datasets for a variety of
research goals. These datasets can have comparable accuracy to Terrestrial Laser Scanning (TLS)
techniques at a fraction of the cost (Westoby et al., 2012; Clapuyt et al., 2016). A sampling of
completed studies in this field involve the reconstruction of topography and 3D surfaces (James &
Robson, 2012), the assessment of rock mass characteristics (Lato et al., 2013), the assessment of
slope stability and rock fall runout (Salvini et al., 2013), and the mapping of folds and fractures
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(Vollgger & Cruden, 2016). A sampling of studies in the field of glaciology includes glacial mapping
(Solbø & Storvold, 2013), glacial calving (Ryan et al., 2015), and seasonal surface velocities
(Kraaijenbrink et al., 2016). Additional studies related to the use of unmanned aerial vehicles and
photogrammetry in glaciology were summarized by Bhardwaj et al. (2016).
The PhotoScan software package (version 1.2.6) produced by Agisoft LLC was used for this
study. The software employs a SfM photogrammetry workflow that combines feature detection,
bundling, and computer vision algorithms to produce SfM-derived point clouds, meshes, and/or
textured meshes. This software was successfully utilized in several of the references mentioned
above. As a commercial software, its source code is proprietary and is not publically published.
However, the company confirms the use of code that draws from known and widely used SfM
principles and computer vision algorithms. Agisoft recommends a photograph overlap of 60-80%,
but states that scene/object reconstruction is possible with overlap of ~50%, under certain
conditions.
2.3.1 Instrumentation and Survey Design
The SfM survey was carried out using a Canon EOS 6D Digital Single-Lens Reflex (DSLR)
camera with an adjustable tripod. Typically, the telescopic lens was zoomed to its furthest extent,
manually focused, and then returned to the minimum focal length of 24 mm. The camera was set to
run the ‘Aperture Priority’ exposure program, which automatically adjusts the aperture and holds the
shutter open until an acceptable amount of light has been captured. Use of the flash was avoided
unless necessary. We used three primary lighting rigs in the darker areas of the cave: one (1) 500 watt
high-pressure sodium fixture, and (2) 1,000 watt LED fixtures. These lights were hooked up to
permanent power supply that powers the cave lighting systems. In certain areas, where the use of the
lighting fixtures was impractical, we used Scurion LED headlamps to ‘paint’ the scene with light.
Where possible, we directly faced the subject in each photograph and avoided oblique angles.
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The general strategy of the survey plan in the Great Hall was to navigate around the
boardwalk while taking photographs of the cave wall at 1 m increments. Typically, two photographs
were captured from the same location: one that included the junction of cave wall and the ice
surface, and another further up the cave wall. Areas granted special focus within the Great Hall
included the area around the North Shaft, the Church, the West Crevasse, the area atop the conical
ice mound featuring the Eskimos, the Monster, the Maxim Pop Passage, the Entrance Shaft, and the
cave ceiling. Figure 11A depicts the camera positions that were recognized after photo alignment in
PhotoScan. We captured a total of 1,195 photographs within the Great Hall.
Within the Little Reservation, the ice wall was the main subject of the survey design. To
promote overlap, the camera was positioned as far as possible from the wall while remaining on the
elevated toe. The camera was then moved along the toe at approximately 1 m increments. At each
station we captured two photographs encompassing the lower and upper portions of the ice floor
and cliff, respectively. This 1 m increment process was repeated again while facing the gallery to the
east. In addition, photographs of the ice wall and the gallery walls were captured from a central area
in the room. Finally, we photographed the North Crevasse. Here, the photographs were randomly
oriented as we moved along a highly uneven terrain. Attempts were made to capture both the lower
and upper extents of the ice wall and cave wall within the North Crevasse. Figure 11B indicates the
camera positions that were recognized after photo alignment in PhotoScan. We captured a total of
359 photographs within the Little Reservation.
It was not possible to photograph the space between the Little Reservation and Great Hall
due to the dangerous height of ice wall, the shallow height of the cave ceiling, and the lack of
adequate lighting.
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North Crevasse
North Shaft
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Entrance Shaft
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Ice Wall

Figure 11. Camera locations for the SfM surveys. Black dots indicated camera positions in (A) Great
Hall and (B) Little Reservation. Color code represents photograph coverages according to area.
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In addition, TS survey data were not collected from the Little Reservation, as discussed in
Section 2.2. As a result, there is no photographic or georeferencing data to tie the two rooms
together, thus, the Little Reservation and Great Hall needed to be split into two PhotoScan Projects.
2.3.2 User-Defined Parameters
The PhotoScan software employs automated processes throughout the SfM workflow.
However, user-defined parameters are required prior to initializing each stage of the model build.
These stages include photo alignment, dense point cloud generation, mesh generation, texture
generation, and product export. The parameter choices at each stage are often related to the quality
of the output. Because SfM photogrammetry is a computationally extensive operation, sacrifices in
quality are often required in order to avoid RAM overload and operation failure. This is especially
true in cases with large amounts of high quality photographs, as is the case with this project.
PhotoScan offers the ability to divide a project into multiple steps (referred to as ‘Chunks’) to reduce
the computation load. However, this process is time consuming and was avoided.
Due to computational limitations, the accuracy parameter of the “Align Photos” processing
step was reduced to “Low” for the Great Room. This choice reduces the resolution of each
photograph before alignment. This is sometimes preferable in large surveys as it tends to match
large scale features rather than fine scale features. In addition, the key point limit was set to 40,000
and the tie point limit to 4,000. The key point limit defines upper limit in possible points identified
in each photograph. These can be thought of as potential tie points, which match photograph pairs
together. The tie point limit is designed to limit the photograph alignment process to only the best
key points, thereby freeing computer resources. This limit also determines the minimum allowable
matches between photographs (a value of 4,000 equals a 100 point minimum). Attempts were made
to increase the accuracy settings for the Great Hall dataset, but operations froze. For the Little
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Reservation, the accuracy setting was increased to “High” (full resolution), with a setting of 60,000
for the key point limit, and 5,000 for the tie point limit.
The following operations were identical between the Great Hall and the Little Reservation
datasets. Prior to building the dense point clouds for each area, the “Optimize Cameras” operation
was performed for all possible parameters. The “Build Dense Point Cloud” operation was
performed at medium quality with mild depth filtering. The dense point cloud was not edited after
this step. Next, the “Build Mesh” operation was performed with an arbitrary surface type, with the
dense point cloud as the source and with a high face count. Finally, the “Build Texture” operation
was performed with default settings.
2.3.3 Ground Control Points and Scales
Immediately after the Align Photos operation, GCPs were added to the Great Hall dataset,
and “Scale Bars” to the Little Reservation dataset. These were placed in PhotoScan using the Manual
Marker Placement method in the Reference pane (see below). For the Great Hall, four of the TS
survey reference points were used along with the location of the southernmost marker nail for T42
(Section 2.2.5). The TS reference points included the location of the wood log, the pipe, Mark_44,
and the Monster (Section 2.2.4). For the Little Reservation, we measured the length of a distinctive
log at the toe of the ice cliff and the distance between two coring locations on the ice wall.
The Manual Marker Placement method involves creating, naming, and placing a marker on
one or more photographs. Once a marker is placed in two photographs, PhotoScan will use tie
points to estimate this position in other photographs. Then each of these photographs are inspected
and the estimated marker locations are approved or adjusted. For GCPs these markers are then
given an X, Y, and Z location (the location of the respective transformed TS reference points). The
coordinate system was set to “WGS 84 / UTMzone 34N” in the settings portion of the reference
pane. For scale bars, two markers are selected, the context menu is opened (right-click) and “Create
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Scale Bar” is selected. You then specify the distance between each marker. The Little Reservation
used a local coordinate system. These georeferencing and scaling operations are applied as you
proceed in the SfM workflow.
2.3.4 Model Editing and Export
To prepare each model for incorporation into the ArcGIS environment the meshes were
cleaned of isolated faces and vertices, and the numbers of faces and vertices were reduced. Isolated
points and vertices were selected using “Gradual Selection” tool and then deleted. The “Compute
Mesh Statistics” tool was used to fix the topology of the models. Prior to model decimation, a full
resolution Digital Elevation Model (DEM) of the Great Hall was exported. The “Decimate Mesh”
tool was then used to reduce the number of faces in the models for the Great Hall and Little
Reservation to 1,000,000 (from 11,898,321 total) and 194,912 (from 6,111,185 total), respectively.
The model for the Great Hall was then exported in the 3DS Max (.3ds) and Collada (.dae) formats
with JPEG (.jpeg) texturing. These models were exported in both local coordinates and WGS84 /
UTM 34N. The model for the Little Reservation was exported in the same formats, but in local
coordinates only. However, before exporting, the “Rotate Objects” tool was used to orient the
model along the Z axis. The orientation was determined after analyzing photographs and its position
with respect to the Great Hall model. This process is described in Section 2.4.1.
2.4 ArcGIS and the Geodatabase
An ESRI geodatabase is a proprietary filing structure used to store and organize an array of
common ArcGIS file types. The ArcGIS file types most associated with a geodatabase are feature
classes, which house geometric datasets such as points, lines, polygons, multipoints, and
multipatches (model surfaces). In addition, a geodatabase can store the text-based annotation feature
class, as well as common raster-based files. One requirement of the geodatabase is that all features
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have the same coordinate system. This helps to ensure stability and uniformity throughout the entire
project file.
The major products from the GPR (Section 2.1), TS (Section 2.2), and SfM (Section 2.3)
surveys were integrated into a geodatabase to be visualized and analyzed in the ArcGIS
environment. These datasets include the TS survey points and GPR transect locations, the GPR
picks for the lower ice/cave floor interface, and the SfM models. A different procedure was required
to import each of these datasets.
2.4.1 Data Import
As described in Section 2.2.6.3, the TS survey points were organized into different
AutoCAD layers. Each of these layers was used to populate a corresponding ESRI feature class.
This was done through the “loading” process within the file geodatabase, which is accessed through
either the Catalog window in ArcGIS or in ArcCatalog. Here, an empty or incomplete feature class
was created or selected for the loading process, the source (AutoCAD) file and geometry type
(point, line, etc.) were selected, descriptive attribute fields were matched, if applicable, and data were
filtered using a query builder. The latter step was used by selecting “Layer” as the query field, and
setting it equal to the name of the corresponding AutoCAD layer. Thus, to populate a feature class
with upper ice surface measurements, the query for “Layer” was set equal to “1_Ice_Pts”. This
process was repeated for the additional six (6) survey layers.
As described in Section 2.1.3, the GPR picks for the lower ice/cave floor interface were
saved as XYZ data in a common text file. To load this data, the text file was located in the Catalog
window and the context menu was used to select “Create Feature Class” and “From XY table”. The
fields for X, Y, and Z were then matched and the coordinate system was specified.
The “Import 3D Files” tool was used to import the SfM models and convert them into
multipatch feature classes. For the Great Hall model, the first step was to import the projected
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model (WGS84 / UTM 34N). This model appeared blocky, as if discretized, but correctly
georeferenced. In ArcGIS, this is a normal occurrence after importing projected 3D models. To fix
the incorrect appearance and structure, the “Replace with Model” option was selected from the
Editor drop-down menu. To perform this operation, an editing session was initiated and the model
was selected. The Great Hall model in local coordinates was chosen to replace the georeferenced
one. The resulting model was georeferenced and had the correct geometry.
The Little Reservation model was in local coordinates and needed to be manually moved.
The placement was determined by visually matching features shared between the Little Reservation
and the Great Hall. This required matching the geometry of the cave ceiling in the Little Reservation
to the cave wall in the Great Hall. In addition, the location of the rope used to descend into the
Little Reservation was visible in the model and was compared to its anchor position in the Great
Hall. Photographs were carefully inspected during this process.
2.4.2. Ice Block Limits
The lateral limit of the ice block was determined using the SfM model in combination with a
survey completed in 1968 (Rusu et al., 1970). First, the footprint of the cave was extracted from the
SfM model using the “Multipatch Footprint” tool in ArcMap. Then the survey was georeferenced to
this footprint using the Georeferencing toolbar in ArcMap. Here, four different points within the
Great Hall were matched between the two data sources. The survey was then rotated, skewed and
scaled using a 1st order polynomial (affine) transformation. The SfM-generated footprint of the cave
was then expanded to include three additional areas of the ice block: (i) the area delineated by the
West Crevasse to the south of the Church and behind the Eskimos; (ii) the area delineated by the
North Crevasse north of the northern shaft, which is accessed via the Little Reservation; and (iii) the
toe of the ice block in the Little Reservation (Figure 12). This expanded footprint was used as the
lateral limit of the ice block volume model.
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Figure 12. Cave and ice footprints map. The expanded footprint is overlaying the SfM-generated
footprint and previous theodolite survey by Rusu et al. (1970).
The ice block upper and lower limits were derived from the SfM model and GPR picks,
respectively. To create a point dataset for the upper ice surface, points were manually snapped to the
ice surface in the Great Hall and Little Reservation models. Here, higher concentrations of points
were placed near steep transitions like the Eskimos and the ice wall. The slope of the ice descending
into West Crevasse was calculated using the contours of the survey from 1968, which were vertically
adjusted for the current ice elevation. Points were then placed at the depths and extents shown in
the West Crevasse, behind the Eskimos, and the North Crevasse, north of the ice wall in the Little
Reservation. The processes for constructing the upper ice surface and the ice/cave floor interface
are further explained in Sections 3.2 and 3.3, respectively.
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2.4.3 Important Tools
ArcGIS incorporates many tools to analyze and manipulate GIS datasets. In this study we
utilized several from the 3D Analyst Toolbox and the Geostatistical Analyst Toolbar. While
additional tools were utilized for this project, the most important tools generated kriging surfaces
and the ice volume multipatch. These tools, their general purpose, and their location in ArcGIS are
summarized in Table 1. ESRI provides detailed explanations for all ArcGIS toolsets including the
required input parameters and the resulting outputs. See ESRI documentation for further reading.
Table 1. Important tools used in ArcGIS.
Tool
Import 3D Files
Near 3D
Geostatistical Wizard
Extract by Mask
Multipatch Footprint
Raster to TIN
Extrude Between

General Use
Imports 3D model files as multipatches.
Generates x, y, z, and slope distances from features
to nearest surface. Locates x, y, z positions of
nearest features.
Provides numerous kriging options and exploratory
spatial data analysis (ESDA) graphs and statistics.
Extracts the portion of a raster surface bound by
selected polygon.
Creates a polygon of the footprint of a multipatch.
Creates a Triangulated Irregular Network (TIN)
from a raster surface.
Extrudes a feature (polygon) between two TIN
surfaces resulting in a closed multipatch.

Tool Location
3D Analyst Toolbox
3D Analyst Toolbox
Geostatistical Analyst
Toolbar (ArcMap)
Spatial Analyst
Toolbox
3D Analyst Toolbox
3D Analyst Toolbox
3D Analyst Toolbox

An important tool worth describing is the “Near 3D” tool. During model validation (Section
3.1), this tool was used to measure the 3D distance from each TS survey point to closest position on
the Great Hall SfM model. In addition to the 3D distance, the Near 3D tool can provide the
horizontal distance to the nearest surface, the X, Y, and Z distances, the angle, and the coordinates
of the nearest point on that surface. These values, especially 3D distance, provide the means to
calculate error values and statistically validate the SfM model, against the TS survey, without the
need for heavy computation or coding.
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Chapter 3: Modeling and Results
The modeling and results chapter is organized into five sections: (i) SfM models and
validation results, (ii) construction of the ice surface, (iii) construction of the ice/cave floor interface
as derived from the GPR picks, (iv) ice block volume model, and (v) ice block thickness. If
peculiarities were experienced during the construction of these results, the decision making process
is explained.
3.1 Structure from Motion Models and Validation
Overall, the appearance and coverage of the SfM model is very good. Some sections of the
Great Hall had areas with standing water and were not constructed during the model build. Also, the
boardwalk was not constructed beyond a series knobs and irregular shapes that follow the
boardwalk’s outline. However, the boardwalk was not a main subject of the SfM survey. In addition,
the ceiling of the Church, the West Crevasse, and the North Crevasse were not registered during
model production. This is likely a result of a lack of photograph overlap in those areas, especially
near the entrances. The descent into the West Crevasse was too dangerous to capture adequate
photograph coverages. In the North Crevasse, the morphology forced extremely oblique
photograph angles. These two issues were also experienced while trying to capture sections of the
Maxim Pop Passage that connect the Great Hall with the Great Reservation. The general appearance
of the cave model is depicted in Figures 13 through 17.
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Bedding Planes

Figure 13. SfM model detail of the Entrance Shaft in Scărişoara Ice Cave. The southward dipping bedding planes are indicated by the
orange arrow. The view is toward the east.
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Dipping Conduit

North Shaft

Figure 14. SfM model detail of the dipping conduit (foreground) and North Shaft (background). Both are located in the Great Hall.
The view is toward the north.
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The Eskimos

Figure 15. SfM model detail of the Eskimos and part of the cave ceiling in the Great Hall. The view is toward the west.
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Figure 16. SfM model detail of the Church and its ice speleothems. The view is toward the northwest.
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Figure 17. SfM model detail of the ice wall and folded ice strata exposed in the Little Reservation. The view is toward the southwest from
the center of the Little Reservation.
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As described in Section 2.4.3, the Near 3D tool was used to calculate the errors between TS
survey points and the SfM model of the Great Hall. Prior to running the Near 3D operation, eight
(8) ice surface points were removed from the TS survey feature class because the floor was not
modeled in their vicinity due to the presence of water. In addition, the GCP for the Log was
removed, because while the Log was successfully used for georeferencing in the SfM software, its
geometry was not constructed in the final model. The distances between the TS survey points and
the SfM model are represented in Figure 18, along with a histogram of the distances.

Figure 18. Error values between Total Station survey and SfM-derived model of the Great Hall.
The locations of the TS validation points and the errors (represented by colored dots) in the SfM
model (left), and the histogram of error values and cumulative % (right).
As observed in Figure 18, there is a cluster of higher error northwest of the Entrance Shaft.
These points are reflected at the extreme right end of the histogram. After close observation, these
outliers appear to be the result of either instrument or user error that occurred during the TS survey.
This is supported by the fact that the three (3) highest error points were recorded in close succession
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to each other during the TS survey (point 60, 61, 63) and were possibly recorded while facing
reflected sunlight from the snow wedge at the Entrance Shaft. In addition, these points are
surrounded by other points that have substantially less error. These discrepancies are illustrated in
Figure 19.

Figure 19. Three outliers in the Total Station survey data. Outliers are indicated by yellow arrows.
The red and yellow points (higher error) are immediately adjacent to blue points (lower error).
Table 2. Validation statistics of the SfM model.
Average Error (m)
Maximum (m)
Minimum (m)
Standard Deviation (m)
Count
RMSE (m)

Survey Data
0.178
0.974
0
0.160
155
0.240
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Survey Data with Outliers Removed
0.164
0.575
0
0.130
152
0.208

3.2 Upper Ice Surface
The upper ice surface was derived by manually placing (snapping) points on to the SfM
model surface. This action was performed in the Great Hall, the Church, and at the ice wall and toe
in the Little Reservation. The vertical surface of the ice wall in the Little Reservation undulated
horizontally in several areas. ArcMap is not capable of simultaneously kriging overlapping vertical
surfaces, so points were not placed in these areas.
In addition to points placed directly on the SfM surface, points were placed according to
field observations and the theodolite survey published by Rusu et al. (1970), as described in Section
2.4.2. The extents and elevations measured in the theodolite survey were used to place points in the
crevasse areas to the north of the ice wall and behind the Eskimos. In these passages, the
measurements were made at the junction of the ice block and the floor. Once kriging was
performed, the elevation of the upper ice surface tended to drop quickly to these points as opposed
to bowing outward. While a bowing structure might describe the vertical morphology of the ice
block more accurately, as viewed in the field, no spatial measurements were made to characterize
these vertical faces. This strategy was accepted as a method to conservatively estimate additional
areas of the ice block that were not reconstructed by the SfM model. Therefore, the volume is
slightly underestimated in the crevasses.
The points described above were used to construct a surface via ordinary kriging (Figure 20).
During this process, a visual best-fit approach was taken. Kriging statistics were not the best
measure by which to judge the suitability of the surface since nearly vertical angles and stretches
were introduced in the Little Reservation and in the north and southwest areas where points were
placed based on the earlier theodolite survey.
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Views from Southeast

The Eskimos

[Grab your reader’s attention with a
great quote from the document or
use this space to emphasize a key
point. To place this text box
anywhere on the page, just drag it.]

North Shaft

North Crevasse

Boardwalk
Ice Wall
Little Reservation

Figure 20. Construction of the ice surface model. Points were placed on the ice surface (upper) and
used to create a kriging surface (lower). Red points are from the SfM model, green points are from
Rusu et al. (1970), and violet points were inferred from field observations. The color bands in the ice
surface models (lower) represent 6 m intervals (vertical).
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Views from Northwest
Dipping Conduit

Entrance Shaft

North Shaft
The Eskimos

West Crevasse
The Church
North Crevasse

Figure 20. [Continued].
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3.3 Lower Ice/Cave Floor Surface
Certain trends become evident when viewing the georeferenced GPR depth picks in 3D: an
area of high elevation is observed in the southwest portion of the Great Hall, which slopes down to
the east toward the entrance; the picks with the lowest elevation are located near the entrance; and
the north-northwest trending transects, north of the aforementioned areas, include concave
depressions but generally have less intense elevation differences. These trends can be observed in
Figure 21 and are discussed in further detail in Section 4.2.

Figure 21. Location of GPR picks as viewed from the southeast. Green circles are GPR pick points.
Scale origin is positioned near the upper ice surface; scale shows 10 m increments and is aligned to
north (green axis).
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In addition, it is worth noting that within the gridded transect area, the north-south and eastwest transect picks differ in elevation by approximately 0 to 2.5 m, with an expected average near 1
m, where any two transects cross. This can be explained by a combination of uncertainty in GPR
transect placement and instrument error introduced by reduced GPR resolution across a dipping
surface at depth. For instance, unmigrated GPR tends to underestimate the dip angle of dipping
surfaces. All of the depth picks were derived from the 0.15 m/ns migrated GPR radargrams as
described in Section 2.1.3, which helps to correct this issue for the transects that run parallel to dip.
However, since the migration step used in this study was run on individual 2D transects, and 3D
migration was not possible, the transects that ran perpendicular to dip were corrected less. Thus, if a
GPR transect is collected along slope (such as the east-west transects), the migration correction and
depths will be greater than that computed for the same point on a transect collected perpendicular
to slope (north-south).
The ice/cave floor interface was modeled from GPR elevation picks by using the
Geostatistical Wizard tool in ArcMap to create a kriging surface. To compute GPR pick elevations,
GPR depths were subtracted from the 1,137 m elevation used for the upper ice surface. A total of
five (5) kriging surfaces were investigated during this process and the surface produced by ordinary
kriging with anisotropy offered the lowest error values and most appropriate appearing surface. The
primary factor when determining an “appropriate appearing surface” is that the area of higher
elevation in the southwest part of the Great Hall is likely related to rock fall buildup, which aligns
with sections of the cave with the highest ceiling elevation. The second best kriging surface,
statistically, created angular anisotropy artifacts across the prediction areas, causing the high
elevation area to slightly misalign with the ceiling.
Kriging is a statistical method for predicting values at non-measured points. The kriging
method relies upon the idea of spatial autocorrelation. That is, data points that are in close proximity
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to one another should have less variability in their attributes than those at further distances. The
method involves quantifying that variability through semivariograms or covariance clouds, fitting a
(regression) model to one of these measures of variability, and then using the model to weight
prediction values at increasing distances. For our particular model, the regression curve was fit to
covariance – a measure of similarity between two variables (distance between points, and elevation).
The Geostatistical Wizard offers self-optimization based on data, but careful consideration is
required prior to accepting a model. In this study, the histogram of the final GPR picks was first
inspected for normality. This histogram is depicted in Figure 22. Here, the data falls under a mostly
normal distribution, except in the high depth areas below the Entrance Shaft (low elevations at left).
Despite this, the kriging method was performed and prediction errors were examined to determine
appropriateness. As observed in Figure 22, the mean elevation of the GPR picks is 1,116.2 m above
the WGS84 ellipsoid, which equates to a depth of 20.8 m below the 1,137 m elevation used for the
ice surface.

Figure 22. Histogram of GPR pick elevations. The horizontal axis is elevation in kilometers; the
vertical axis is frequency in the hundreds. The outliers at the left are the points with the highest
depths to the southwest of the Entrance Shaft.
As mentioned, multiple kriging models were created before picking one that offered the best
statistics and likely shape according to the morphology of the cave. However, each of these kriging
models was produced using the automatic calibrations performed by the Geostatistical Wizard.
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These automatic optimization routines involve iteratively adjusting lag bin and search neighborhood
parameters, anisotropy directions and weighting, and covariance (or semivariogram) model type and
shape – all in the aim of minimizing the error statistics between measured and predicted values. The
resulting parameters of the optimized kriging surface are depicted in Figure 23. The kriging surface
was produced using the covariance-fitting Stable model type, which allows for the changing of
curvature in the regression model while maintaining the same nugget (0.1262412 m) and partial sill
(8.442025 m). The partial sill is the sill minus the nugget. The lag size was 2.452956 m. The model
also included an anisotropy direction of 26.89°, with a major range of 19.62565 m, and a minor
range of 15.11262 m, which equates to an anisotropy factor of 1.298494. The graphs of common
error statistics are depicted in Figure 24. Error statistics are also presented in Table 3.

Figure 23. Kriging model and parameters for the ice/cave floor interface. The horizontal axis is in
tens of meters; the vertical axis is tens of covariance (m2). The fitted Stable model is depicted by the
blue curves, where multiple curves are produced according to anisotropy. Average measured values
are depicted as blue crosses. Binned (by lag) measured values are depicted as red dots. The
covariance map and anisotropy ellipse are depicted at the bottom.
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Figure 24. Graphs depicting error statistics for the ice/cave floor interface kriging model. The units
of all axes are meters or kilometers (indicated by * 10-3), except for D, which is depicts quantiles.
A = predicted values vs. measured values; B = error values vs. measured elevation; C = standardized
error vs. measured elevation; D = normal QQ plot of standardized error vs. normal value.
The statistics above present a means to judge the appropriateness of the kriging options as
depicted in Figure 23. In Figure 24A, the predicted values vs. the measured values follow a nearly 1:1
slope (0.98), signifying a relatively good prediction model and autocorrelation. This is also reflected
in Figure 24B, where the regression line intercepts at 0 % error with a slope of -0.016. Here, values
cluster mostly near the regression line and errors beyond 1 m are relatively few (compared to 801
point total points). In Figure 24C, the standardized error is plotted. This depicts the error values of
Figure 24B divided by the average standard error (standard deviation of the prediction model;
0.489547283 m) – showing how far each prediction point deviates from the standard error. Figure
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24D is a normal QQ plot depicting the quantiles of difference between predicted and measured
values (prediction error), also known as standardized error, and the corresponding quantiles from a
standard normal distribution. This graph indicates whether prediction error follows a normal
distribution. As shown, the quantiles of error do not fit exactly with a normal distribution. We
interpret this QQ plot to be slightly long tailed, which indicates that the data is clustered around
some error value or grouping. To check this, a prediction/validation dataset was produced with the
kriging model. This operation predicted elevations at the X and Y coordinates of the GPR dataset
and computed error statistics. In other words, instead of creating a kriging surface, the validation
operation produced points based on the kriging model and computed errors between the measured
points (GPR depths) and the predicted ones. Figure 25 depicts the histogram of the standardized
error for the model. From this histogram, it’s clear that standardized error does in fact cluster
around -0.18 through 0.46, producing light tails at either end when compared to a normal
distribution. This is interpreted as a likely result of errors introduced by deviations in the GPR
depths in the gridded areas, as discussed above, which were averaged out by the model.

Figure 25. Histogram of standardized error for prediction/validation points. The horizontal axis is
standardized error in meters; the vertical axis is frequency in the hundreds.
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Table 3. Kriging prediction error statistics.
Prediction Errors
Samples
Mean (m)
Root-Mean-Square (m)
Mean Standardized (m)
Root-Mean-Square Standardized
Average Standard Error (m)

801 of 801
0.000138869
0.457826017
-0.001446102
1.009467604
0.489547283

From Table 3 we can deduce additional clues as to the appropriateness of the model. We can
assume a relatively unbiased model because the mean prediction error is near zero. In addition,
standard errors can be thought of as accurate since the root-mean-square standardized prediction
error is near 1. In addition, root-mean-square and average standard error are very close in value,
indicating relatively similar error estimates by both standards. The RMSE and standard error near
0.5 m is inferred to be the result of positional error in GPR transect placement and the error
introduced by the resolution of the GPR method. The average elevation of the ice/cave floor
kriging surface is 1119.4 m above the WGS84 ellipsoid, which equates to a mean depth of 17.6 m
below the elevation of the ice surface in the Great Hall (1137 m above WGS84 ellipsoid).
During early ice/cave floor modeling efforts, the elevation of the surface (using velocities of
0.15 m/ns) was significantly higher (less depth) than that of an ice core collected in 2003 (Holmlund,
2005). To account for this, the GPR picks were transformed to a depths associated with a 0.18 m/ns
velocity prior producing the final model. This was performed by multiplying the (positive) depths
values of the picks by the 0.18/0.15 ratio. This placed the resulting ice/cave floor surface within
0.87 m horizontally, and 1 m vertically above of the core. These values were deemed acceptable
based on the following facts: (i) the ice has been shown to fluctuate by over 20 cm within the past
decade (Perşoiu, 2011); (ii) there is positional error with regards to the placement of the GPR
transects/picks, as discussed above; (iii) the modeled surface is sloped near the core location, which
54

amplifies positional uncertainty; and (iv) it is preferable to underestimate the depth (and resulting
volume) instead of overestimating it. For reference, the core locations is depicted in Figure 7.
When the final kriging ice/cave floor surface was produced, the lateral extent of the
prediction surface covered a square area with edge limits determined by the outermost GPR picks. It
should be noted that the prediction quality decreases as distance from measured points (GPR picks)
increases. Furthermore, the prediction surface did not cover the full extent of the cave footprint
because the GPR picks did not extend to these limits. To increase the area, the floor was
extrapolated outward by extending the limits of the layer in ArcMap. The extrapolated surface was
then clipped to the shape of the ice floor extent (as described in Section 3.4). The process is
depicted in Figure 26. It should be noted ESRI does not provide the mathematical expressions used
to extrapolate surfaces in this fashion. With this in mind, it is clear that the extrapolated areas have
more uncertainty when compared to the kriging surface. This fact is visually confirmed by the
presence of a “step effect” near the boundary between the kriging and extrapolated portions. The
final kriging and additional extrapolation surface for the ice/cave floor interface is displayed in
Figures 27 and 28. Uncertainty in the ice block volume model is discussed in Section 3.4.

Figure 26. Extrapolation and clipping of ice/cave floor interface. The kriging surface (left) was
extrapolated (center), then clipped according to the ice/cave floor limits (right). The image at the
right shows the kriging surface overlaying the clipped surface. Note the edge effects at the
kriging/extrapolation boundary (black arrows). The boardwalk is represented by the orange line.
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Figure 27. Ice/cave floor interface viewed from above. The locations of specific features are
indicated with text and arrows. The location of the boardwalk is outlined in gray. The floor elevation
is symbolized in 2 m intervals, except for the highest elevation class.
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Figure 28. Ice/cave floor interface viewed from the southeast. Scale origin is positioned near the
upper ice surface; scale shows 10 m increments and is aligned to north (green axis).
3.4 Ice Block Volume
To compute the volume of the ice block, the expanded ice footprint (Section 2.4.2) was
slightly edited, then extruded between the upper and lower ice surfaces. The footprint was edited to
remove a small section in the western portion of the Church to account for dipping in the cave wall,
which was only noticeable when viewing in 3D. The ice surface rasters were then converted into
TINs using the Raster to TIN tool, and the footprint was extruded between the two using the
Extrude Between tool. The result is depicted in Figures 29 and 30. The volume of the ice block is
estimated to be at least 118,000 m3 based on this model.
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Figure 29. Ice block volume model viewed from the northeast. Scale origin is positioned near the
upper ice surface; scale shows 10 m increments and is aligned to north (green axis).

Figure 30. Ice block volume model viewed from the west-northwest. Scale shows 10 m increments
and is aligned to north (green axis).
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We considered several potential sources of error to estimate the uncertainty in the ice block
volume model: artifacts from the extrapolation of the ice/cave floor surface beyond the extent of
the GPR surveys, the vertical calibration of the ice/cave floor surface in relation to an ice core, the
SfM model, and the areas expanded using the previous theodolite survey (Rusu et al., 1970).
We first measured the area of the expanded ice footprint (6,777 m2) that was covered by the
original kriging surface for the ice/cave floor (4,273 m2) – as shown in the far right pane of Figure
26. We then calculated the difference between these two areas. This area (2,504 m2) represents the
portion of the ice/cave floor surface that was created by extrapolating the kriging surface to cover
the entire cave footprint (Section 3.3). We then measured the vertical offsets observed along the
margins of the GPR kriging surface that were created by apparent extrapolation artifacts. These
“stepping effects” caused elevation irregularities of around 0.5 m. This stepping error was multiplied
by the area of extrapolation (2,504 m2) to compute an uncertainty of ± 1,252 m3.
We vertically calibrated the ice/cave floor surface, which was estimated from the GPR data,
to the location and depth of an ice core collected in 2003 (Holmlund et al., 2005). With the GPR
method used, the ice/cave floor surface was placed 1 m above this core location (Section 3.3). Based
on this, we subjectively consider 1 m to be an appropriate error estimate, which is a conservative
estimate in that it allows for an underestimation of the depth by 2 m at a minimum, and matches the
depth of the core at a maximum. The ice footprint area of 6,777 m2 was multiplied by 1 m to acquire
an uncertainty of ± 6,777 m3.
The RMSE for the SfM model of the Great Hall was calculated to be 0.21 m, as described in
Section 3.1. The ice footprint was buffered by 0.21 m to create an area of 6,858 m2. The ice
footprint (6,777 m2) was then subtracted from this value and then multiplied by the average ice
thickness estimate of 17.6 m based on the ice/cave floor kriging surface (as described in Section
3.3). This calculated an uncertainty of ± 1,425 m3.
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The 6,777 m2 footprint of the ice was also multiplied by an additional 0.2 m to account for
fluctuations in the ice surface elevation. This computes an uncertainty of ± 1,355 m3.
Finally, we also computed the area (431 m2) of the West Crevasse that slopes down from the
upper surface in the Great Hall (Section 1.3) before leading south to the crevice to the west of the
Eskimos. This morphology of this section was estimated using the theodolite survey from Rusu et
al. (1970). We subjectively accounted for a possible 1 m of uncertainty in this section of the cave,
accounting for an uncertainty volume of ± 431 m3.
The addition of these uncertainties amounts to a total uncertainty of ± 11,240 m3, which is
9.5% of the 118,000 m3 ice block volume model. Therefore the total uncertainty of the model with
the components described above is ± 9.5%. This equates to a minimum volume of 106,790 m3 and a
maximum of 129,210 m3.
Furthermore, we considered the volumes added in the North and West crevasses to be
underestimated, as described in Sections 2.4.2 and 3.2. Images that show the near vertical walls
within these sections are included in Appendix A. We computed the volume contributed by the
North and West crevasses, as modeled, to be 2,588 and 3,140 m3, respectively. However, if the ice
walls of the North and West crevasses were modeled in a fashion that reflected completely vertical
orientations, the volumes become 3,995 m3 and 6,776 m3, respectively. These values were computed
by taking the areas of each crevasse (227 m2 for the north, 385 m2 for the west) and multiplying
them by the average thickness of the ice (17.6 m). Therefore, we estimate a separate uncertainty that
stipulates that the maximum possible value of these combined areas is 5,043 m3 greater than
currently modeled. That value represents 4.3% of the current ice volume model.
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3.5 Ice Block Thickness
In addition to the volume of ice block, the thickness of ice block was computed from the
difference between the two surfaces described above. A map depicting ice block thickness is
presented in Figure 31.

Figure 31. Ice block thickness map. The thickness of the ice is shown in relation to the cave
footprint of the Great Hall, the boardwalk, and the ice core used to calibrate the ice/cave floor
kriging surface.
This map was created using the Surface Difference tool in ArcGIS. A further discussion of
its usefulness is presented in Section 4.1.
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Chapter 4: Discussion
4.1 Ice Block Model and GPR Insights
An ice block volume of nearly 118,000 m3 was computed using the volume model described
in Section 3.4. We estimate an uncertainty of ± 9.5 %, which equates to a minimum of 106,790 m3
and a maximum of 129,210 m3. However, several areas of the ice block were either underestimated
(in the North and West crevasses) or not estimated at all (directly under the Entrance Shaft, and in
the Maxim Pop Passage). We estimate that an additional ice volume of 5,043 m3 could be present in
the North and West crevasses, if their maximum possible extents are considered. The volume of the
ice block located under the Entrance Shaft and within the Maxim Pop Passage is considerable and
should be included in future modeling efforts. Once the latter volume is modeled, the overall
estimated volume of the ice block is likely to increase significantly.
The use of the theodolite survey (Rusu et al., 1970) was prompted by the fact that the SfM
operations failed to reconstruct the geometry of the Maxim Pop Passage, the West Crevasse to the
south of the Church, and the North Crevasse to the north of the ice wall. With additional computing
power, time, and effort, it is likely that these areas could be incorporated into a future model while
using the current photograph set. However, GPR surveys would be extremely difficult or impossible
to implement in the Maxim Pop Passage, which has highly sloped surfaces. For this reason,
alternative measures should be explored to estimate floor depth in this area.
According to the model presented in Figure 31, the thickest sections of the ice block are
located to the southwest of the Entrance Shaft and in the northern section of the Eskimos. As
computed, the substantial thicknesses at these two locations may warrant additional ice core
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extraction. Transects T2A through T6A cover the area southwest of the Entrance Shaft (Figure 7)
and their radargrams generally show multiple reflecting horizons in the uppermost 20 m, some of
which dip eastward, others westward, and others with concave downward curvature, as shown in
Figure 32.
It is possible that these reflectors represent internal layering in the ice. However, it is also
possible that they are reflection patterns from the nearby cave walls and the sloped areas to the west
(rock fall mound). If these reflecting horizons are indeed produced by dipping ice strata with
lenticular overlap, this would suggest alternating ice formation and/or ablation between the east and
west sides, which would make sense considering that ablation and meltwater runoff is observed to
flow from this area to the Maxim Pop Passage. Additional coring operations could confirm or
negate the presence of such internal layering, and may be warranted here considering the depth and
potential significance of ice block strata patterns. Detailed analysis of the cave wall positions could
also be used to discriminate englacial versus air reflections, but such work is beyond the scope of
this study.
The presence of rock fall debris within ice block has been a hindrance to past ice coring
attempts. Unfortunately, transects T2B through T20, T28 through T34, and T36 through T41
(locations shown on Figure 7) all had poor signal-to-noise ratios. The poor signal-to-noise ratios
were likely caused by the presence of standing water during the GPR survey. While the ice/cave
floor interface was confidently located on most of these transects, internal reflectors and diffraction
patterns were hard to identify. This has a negative effect on the prospects of identifying possible
rock fall debris. Transects T42, T43, and T44 all had better signal-to-noise ratios and seemingly less
signal scatter. Transect T44, which is the closest to the Eskimos, had the least amount of reflections
and diffraction patterns, indicating that a future core toward the Eskimos may be less likely to hit
rock fall debris.
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Figure 32. Radargram for Transect T4A. West is to the left and east is to the right. Highly reflective
dipping within the ice are indicated by dark blue lines, the orange line indicates the ice/cave floor
interface. Radargram was migrated with a 0.15 m/ns velocity. Depths were calibrated to an ice
coring, which equated to a velocity of 0.18 m/ns.
4.2 Cave Ceiling and Floor Morphology
During modeling, ArcMap was used to create an aspect DEM of the cave ceiling in the
Great Hall. The “Aspect” tool calculates the downslope direction of the maximum rate of change in
value (elevation) between each raster cell and its neighbors. This is essentially the direction of
steepest slope (the direction of the gradient). The product allows for the visualization of trends and
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trend interruptions. This tool can also be used to estimate bedding dip direction. The resulting DEM
is displayed with the slope directions classified into cardinal and intermediate directions (Figures 33
and 34).
As shown in Figures 33 and 34, Scărişoara features planar surfaces that generally dip in a
southern direction. The planar and cross-sectional surfaces associated with these beds are most
visible in the southern sections of the Great Hall, where the morphology seems to indicate ceiling
enlargement both along bedding planes and at ~90° to the bedding plane. This model aligns well
with previous theories suggested by Rusu et al. (1970), who postulated that cave structures
associated with the Ocoale – Gheţar – Dobreşti karst system originated from dissolution and
enlargement along bedding planes and joints with ~90° dipping offsets. Furthermore, the ceiling
enlargement in the southern section can be tied to the elevated sections of the ice/cave floor
surface, as these areas are vertically aligned (Figure 35).
Additionally, the visual inspection of the aspect DEM leads to an interesting observation: the
existence of an apparent north-south oriented dissolution plane that trends from the North Shaft
toward the Maxim Pop Passage and Great Reservation. This was first recognized as a lineation of
abrupt color (dip) change in the aspect DEM. This feature was then confirmed in photographs and
by inspecting the ceiling of the Great Hall SfM model. Surprisingly, the ice/cave floor interface has a
depression along this trend line as well, which is seen north of the section with rock fall buildup.
The orientation of this plane, the ceiling DEM, and the ice/cave floor interface surface are depicted
in Figure 36. The clearest example of the vertical plane is between the southern opening of the
dipping conduit and a large solution pocket above the Monster ice speleothem (Figure 37).
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The Church

North Shaft
Dipping Conduit

Entrance Shaft
The Eskimos

M. Pop Passage

Figure 33. Aspect DEM of the Great Hall ceiling. The south and southwestern sloping areas reflect dipping bedding planes. The
northward sloping areas present cross-sectional views of the beds.
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Entrance Shaft
Dipping Conduit

North Shaft

The Church

Figure 34. Perspective view of the aspect DEM from the northwest. In general, the blue reflects areas of the cave ceiling where the beds
are exposed along-plane, whereas red reflects areas with cross-sectional views of the beds. The general areas of planar and cross-sectional
exposure are shown by the brackets.
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Highest Ceiling Area
Entrance Shaft
Dipping Conduit

North Shaft

The Church
Elevated Floor

Figure 35. Alignment between the cave ceiling area with the maximum height and the elevated sections of the ice/cave floor interface.
Scale shows 10 m increments and is aligned to north (green axis).
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Figure 36. Location of dissolution plane in relation to cave ceiling and ice/cave floor interface.
Color contours indicate elevation of the cave/ice floor interface. Grey scale contours indicate the
elevation of the cave ceiling. Solid black lines indicate the observed dissolution plane; dashed black
lines indicate the inferred dissolution plane.
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Entrance Shaft

Large Solution Pocket

Dissolution Plane

Dipping Conduit

The Eskimos

The Monster

Figure 37. 3D view of the vertical dissolution plane.
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The linear orientation of the North Shaft, dipping phreatic conduit, and solution pocket
align well with the remaining cave structure to the south. Furthermore, their existence is in
agreement with the established speleogenesis of the Ocoale – Gheţar – Dobreşti karst system as
described in Section 1.2, and shown in Figure 3. The theory is that the action of migrating
headwaters created a tiered karst system that roughly align vertically and deepen along dipping
bedding planes. However, the existence of a vertically oriented plane, and corresponding floor
depression, suggests an additional relationship between downward migration and vertically oriented
tectonic features, such as joints. This is not to be confused with the joints described by Rusu et al.
(1970), which dip perpendicular to the bedding plane. Determining whether this feature is tectonic
or not may add valuable insight into the genesis of not only Scărişoara, but the entire karst system.
4.3 Genesis of the Ice Block
The ice/cave floor surface model offers several insights into the possible speleogenesis of
the ice block at Scărişoara Ice Cave. The lack of collapse debris in the area southwest of the
Entrance Shaft is perhaps the most striking finding. In contrast to previous assumptions, this section
was the deepest modeled (Figures 27 and 28). This forces the rethinking of previous models of the
ice block formation. The model put forth by Perşoiu and Pazdur (2011) suggested that the ice block
formed either upon a debris pile beneath the Entrance Shaft, or in deep sections of the cave (the
Little and Great reservations), after the connection between the Coman Passage and Pojarul Poliţei
Cave closed. That model suggests the upward buildup of ice from the deeper cave sections and then
a gradual melting of ice near the cave walls, which resulted in the opening of passages into the Little
and Great reservations.
The results of this study suggest an alternative model of formation for the ice block. These
results show that a debris buildup is located on the southwestern side of the Great Hall rather than
beneath the Entrance Shaft as previously believed. Our results show that multiple depressions exists
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in the northern sections of the Great Hall, creating a shallow basin-like area, and that a relatively
deeper depression is located below the Entrance Shaft, which leads to the Great Reservation, as
depicted in Figure 38. Furthermore, several water sources in the northern area flow through karst
voids, suggesting they were likely active long into the past, given their current activity and the
particular cave morphologies surrounding them.

Figure 38. Ice/cave floor interface with water sources.
These revelations suggest a contemporaneous, yet separate buildup of ice in both the
northern section and in the area southwest of the Entrance Shaft. Here, ice would first fill the basin72

like depressions in the north, which would eventually fill the depressions to form a level ice surface.
This would likely extend until reaching the edge of the depression beneath the Entrance Shaft.
During wet and warmer months, meltwater from the northern section likely drained from this point
into the Entrance Shaft depression.
As ice was forming and partially melting (in warmer months) in the north, a similar process
was likely occurring in the deep and partially shaded areas adjacent to the Entrance Shaft – and in
portions of the Maxim Pop Passage and to the east of it. Several differences would exist between the
entrance depression area and the northern section of Scărişoara. At the entrance depression, ice
buildup would have occurred at a lower level with water sources coming from the Entrance Shaft
and the large solution pocket above the Monster. Furthermore, snow fall and rain was likely entering
through the Entrance Shaft. Though partially shaded, heat from sunlight likely played a larger role in
seasonal melting near the entrance depression and the meltwater runoff from this area would run
deeper into the Maxim Pop Passage. It is possible that both the North and Entrance shaft
depression areas received water contributions from debris buildup in the southwest section of the
Great Hall. These hypothesis could be tested against GPR data near the Entrance Shaft if the
intermediate reflections are determined to be englacial.
As described in Section 3.3, ice level fluctuations of 20 cm or more have been measured over
the past decade, which included upward growth. This is despite current openings (the entrances)
into the Little and Great reservations, where melt and percolation water (after forming lakes) drains
to during certain warmer periods (Section 1.4). This suggests vertical ice accumulation is possible
without constraining walls, perhaps as a direct byproduct of the unique cave topoclimate. If this
observation held true during early ice formation in the northern section, vertical growth may have
been possible even after reaching the edges of micro basins, or the edge of the Entrance Shaft
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depression. This same process may have been possible in the shaft depression section as well, where
lateral constraints are also lacking to the south.
All considered, it seems likely that the initial conditions for ice growth existed in both the
northern and southern sections, the ice elevations of these areas fluctuated and grew until their
surfaces were conjoined, and the step from the north to south was slowly levelled during the ice
growth process. While this was occurring, ice was likely forming on the slopes of the elevated cave
floor in the southwest area of the Great Hall. Here, ice formation was promoted by drip water
sources near the Eskimos and above the Monster, as well as condensation drip and general
percolation from the cave ceiling.
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Chapter 5: Conclusions
This study presents a fully 3D and georeferenced model of parts of the Scărişoara Ice Cave
and the majority of the ice block located there. This model was constructed by integrating multiple
spatial and geophysical datasets including: a total station survey, a SfM-derived model of the cave
surfaces within the Great Hall and Little Reservation, and a GPR survey conducted in the Great Hall
(and one transect in the Little Reservation). Further spatial information was obtained from a
previously conducted theodolite-based survey (Rusu et al., 1970). The electronic datasets were
processed in native software and then imported into the ArcGIS environment for further analysis.
The goal of this study was to estimate the volume of the ice block and explore various
products derived from the integrated datasets. To that end, the volume of the ice block was
estimated to be 118,000 m3 with an uncertainty of ± 9.5 %, which equates to a minimum volume of
106,790 m3 and a maximum of 129,210 m3. An additional volume of 5,043 m3 is possible in areas
that we conservatively estimated. Furthermore, our study confirms that the Scărişoara ice block is
the world’s largest perennial cave ice deposit. This value was obtained by validating the SfM model
against the total station data, obtaining an upper ice surface from the SfM model, refining the model
with a theodolite study (Rusu et al., 1970), and computing the distances between the upper ice
surface and an ice/cave floor surface extracted from GPR. However, a significant volume of ice
exists in the Maxim Pop Passage, which was not modeled. This considered, it is likely that the
volume of the ice block is substantially larger than the value reported herein.
The SfM model and its associated error (0.21 m RMSE) were acceptable for our purposes
and provided the means to navigate and accurately measure the cave at a fraction of the cost of a
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terrestrial laser scanning survey. In addition, a novel method of SfM validation was employed using
the ArcGIS Near 3D tool, which drastically reduced the time and effort typically required for such
tasks. The GPR dataset provided reasonably accurate depths to construct an ice/cave floor surface
using kriging techniques.
Together, the SfM and GPR datasets allowed for not only a volume estimate, but the
computation of ice block thickness and the imaging of an elevated buildup at the ice/cave floor
interface in the southwest portions of the Great Hall – both of which were useful for determining
future coring locations.
Viewing the cave wall/ceiling and ice/cave floor surfaces simultaneously also allowed for the
exploration and description of cave morphology, including the discovery of a potential dissolution
plane that trends north-south within the Great Hall and aligns with the North Shaft, the dipping
phreatic conduit, the large solution pocket, and the lower expanses of Scărişoara Ice Cave. This
plane also vertically aligns with cave floor depressions in the north, which was a possible area of
initial ice block build up. Further investigation is suggested to determine the source of this plane, as
well as the implications of its presence.
Finally, a secondary purpose of this study was to develop and thoroughly explain the
methodology that allowed for the integration of such datasets. The exponential growth of SfM
technology in the geologic and physical sciences is not without merit. This maybe especially true in
cave environments where the use of heavy and ultra-expensive equipment is often impractical or
even impossible. This study demonstrates the scientific value of this growing technology, especially
once combined with more traditional techniques and a determined team.
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Appendix A: Photographs of Scărişoara Ice Cave

East facing view of the Entrance Shaft. Southward dipping bedding planes are seen at the left.

East-southeast facing view of the Great Hall from atop the Eskimos. The Monster ice stalagmite is seen near
the bottom center. The entrance to the Great Reservation is to the right of the Monster. As shown, the
southern portion of the touristic boardwalk partially encircles a shallow lake on the surface of the ice. A large
tree trunk is seen in the foreground (center).
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The large tree trunk (foreground) in front of the Eskimos.

North facing view of the Great Hall from within the southern section of the boardwalk. The downslope
opening to a dipping phreatic conduit is visible at the top center. The conduit intersects the north shaft,
which is partially visible in the background below the conduit opening.
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South-southwest facing view of the Great Hall. This photograph was taken below the north shaft. The
Eskimos are visible in the background (center). The Monster is seen to the left. The ceiling is considerably
lower in this section of the cave.

North-northwest facing view in the Great Hall. This photograph was taken in an area between the north shaft
and the Entrance Shaft. The entrance to the Little Reservation is at the right between the cave wall and ice
surface. The boardwalk leads to, and returns from, the Church. The bottom of the north shaft is located to
the right (background).
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A view of the ice speleothems located within the Church.

Photograph by Bogdan P. Onac

West facing view of the ice wall from within the Little Reservation.
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Northwest facing view of the north section of the ice wall. The entrance to the North Crevasse is lit with a
headlamp to the right.

South view along the ice wall from the entrance to the North Crevasse.
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View of the north side of the ice block from within the North Crevasse. As shown, the ice block is nearly
vertical in this area.
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A second view of the north side of the ice block within the North Crevasse.
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West-southwest view of the entrance to the West Crevasse. The northern toe of the Eskimos is seen
to the left. The Church (not shown) is located to the right.

Southeast view of the toe of the Eskimos at the edge of the entrance to the West Crevasse. The Entrance
Shaft is visible in the background to the left.
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View of a near vertical face of the ice block in the West Crevasse behind the Eskimos. As shown, the ice
block includes layering of cryogenic calcite. The entrance to the West Crevasse it upward and to the left.

South facing view of the bottom of the vertical face shown in the previous photograph. The small entrance,
shown where the ice block and cave wall meet, leads to a crevice that trends south behind (west of) the
Eskimos.

(All photographs courtesy of Ferenc Forray, except where indicated otherwise.)
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Appendix B: GPR Notes
Thursday, July 5, 2007
Test Files
 File 1392 – Test: 200 @ 630 ns
 File 1393 – Test: 200 @ 272 ns
 File 1394 – Test: 200 @ 272 ns; Change setting to display meters
 File 1395 – Test: 200 @ 272 ns; Test near ice core
 File 1396 – Test: 200 @ 330 ns: Second ice core scan
 File 1397 – T1_Test: 200 @ 330 ns: Start at (east) wall at mouth of cave; about 1 meter
south of the south path to miss metal pipes in ice. Triple click wood at the surface of the
ice.
 File 1398 – T2_Test: 200 @ 330 ns: East to west, about 2 meters North of T1_Test
 File 1399 – T3_Test: East to west, about 1 meter North of T2_Test, stopped at ice
monster
 File 1400 – T4_Test: 200 @ 435 ns: East to West
 File 1401 – T1_Test2: 200 @ 408 ns: East to West. Start at (east) wall at mouth of cave;
about 1 meter south of the south path to miss metal pipes in ice. Triple click wood on the
surface of the ice. Double click at the South East corner of Path
Data Files
 File 1402 - T1 200 @ 330 ns: East to West about 1 meter south of south path to miss
metal pipes in ice. Triple click wood on the surface of the ice. Double click at the South
East corner of Path.
 File 1403 – T2A: East to West about 2 meters north of T1, line is east of the east path.
 File 1404 – T3A: East to West about 1 meter north of T2A, line is east of the east path
 File 1405 – T4A: East to West about 1 meter north of T3A, line is east of the east path
 File 1406 – T5A: East to West about 1 meter north of T4A, line is east of the east path
 File 1407 – T6A: East to West about 1 meter north of T5A, line is east of the east path
 File 1408 – T2B: East to West about 2 meters north of T1, the extension of T2A. Line is
North of the South path. Line starts at the east path and ends at the west path
 File 1409 – T3B: East to West about 1 meter north of T2B, the extension of T3A. Line
starts at the east path and ends at the ice monster
 File 1410 – T4B: East to West about 1 meter north of T3B, the extension of T4A. Line
starts at the east path and ends at the ice monster
 File 1411 – T5B: East to West about 1 meter north of T4B, the extension of T5A. Line
starts at the east path and ends at the ice monster
 File 1412 – T6B: East to West about 1 meter north of T5B, the extension of T6A. Line
starts at the east path and ends at the ice monster
 File 1413 – Dead file
 File 1414 – Dead file

94
























File 1415 – T7: East to West about 1 meter north of T6B. Line starts at the east path and
ends at the wood debris just north of cave monster. The end point of T7 is about 7 meters
North of the end of T2B
File 1416 – T8: East to West about 1 meter north of T7. Line start at the east path and
ends at the west path
File 1417 – T9: East to West about 1 meter north of T8. Line start at the east path and
ends at the west path
File 1418 – T10: East to West about 1 meter north of T9. Line start at the east path and
ends at the west path
File 1419 – T11: East to West about 1 meter north of T10. Line start at the east path and
ends at the west path
File 1420 – T12: East to West about 1 meter north of T11. Line start at the east path and
ends at the west path. This line started at the mark for T12, but ended at the mark for
T11, so the line is not straight.
File 1421 – T13: East to West about 1 meter north of T12. Line start at the east path and
ends at the west path. Second half of the line snagged several times.
File 1422 – T14: East to West about 1 meter north of T13. Line start at the east path and
ends at the west path
File 1423 – T15: East to West about 1 meter north of T14. Line start at the east path and
ends at the west path
File 1424 – T16: East to West about 1 meter north of T15. Line start at the east path and
ends at the west path
File 1425 – T17: East to West about 1 meter north of T16. Line start at the east path and
ends at the west path
File 1426 – T18: East to West about 1 meter north of T17. Line start at the east path and
ends at the west path
File 1427 – T19: East to West about 1 meter north of T18. Line start at the east path and
ends at the west path
File 1428 – T20: East to West about 1 meter north of T19. Line start at the east path and
ends at the west path. Second half of line was very bumpy due to ice.
File 1429 – T21: East to West about 1 meter north of T20. Line start at the ? path and
ends at the west path
File 1430 – T22: East to West about 1 meter north of T21. Line start at the ? path and
ends at the west path
File 1431 – T23: East to West about 1 meter north of T22. Line start at the ? path and
ends at the west path
File 1432 – T24: East to West about 1 meter north of T23. Line start at the ? path and
ends at the west path
File 1433 – T25: East to West about 1 meter north of T24. Line start at the ? path and
ends at the west path
File 1434 – T26: East to West about 1 meter north of T25. Line start at the ? path and
ends at the west path
File 1435 – T27: East to West about 1 meter north of T26. Line start at the ? path and
ends at the west path
File 1436 – T28: North to South, West of the East path.
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File 1437 - T29: South to North, about 2 meters west of T28. Lifted over two metal
objects.
File 1438 - T30: South to North, about 2 meters west of T29. 2 or 3 bumps at end of line.
File 1439 - T31: South to North, about 2 meters west of T30
File 1440 - T32: South to North, about 2 meters west of T31
File 1441 - T33: South to North, about 2 meters west of T32, start at ice monster, first
half bumpy
File 1442 - T34: South to North, This line starts at the end point of T7
File 1443 - T35: South to North, start about 2 meters west and 2 meters north of the end
point of T2, west of ice monster

Friday, July 6, 2007
























File 1444 – Test
File 1445 – T36: Southeast to Northwest. Line pulled along the north side of the north
path
File 1446 – T37: Southeast to Northwest, 3 meters Northeast of T36, pulled over rocks in
last 5 meters
File 1447 – T38: Southeast to Northwest, 3 meters Northeast of T37
File 1448 – T39: Southeast to Northwest, about 3 to 4 meters Northeast of T38, Started at
drop off to small reserve.
File 1449 – T40: Southwest to Northeast, start line from Northwest corner of North path
File 1450 – T41: Southwest to Northeast, stat line from about middle of North path, about
16 meter southeast of T40
File 1451 – T42: Southeast to Northwest, Line starts from the Southeast corner of the
path and end at the Northwest corner of the path. Line is closer to the East and North
paths. There are two pauses in the line
File 1452 – T43: South to Northwest, Line pulled west of the west path, between path
and small ledge, two pauses in the line.
File 1453 – T44: Northwest to South, pulled on upper ice block (ledge). Cable snagged
at the end of the line.
File 1454 – T45: South to North, east of east path. Double click at the Southeast corner
of the east path, line ends at the entrance.
File 1455 – T46: Same at T44, done again for NG
File 1456 – Test: pulled inside of path for NG
File 1457 – Test with 400
File 1458 – Test with 400 @ 255
File 1459 – Test with 400
File 1460 – T47: South to North, retrace of T35 with the 400
File 1461 - T48: south to north, retrace of T33 with the 400
File 1462 – T49: south to north, retrace of T30 with the 400
File 1463 - T50: south to north, retrace of T28 with the 400
File 1464 - Dead file
File 1465 - Test at bottom of small reserve next to ice wall, Southwest to Northeast
File 1466 - T51, Northeast to Southwest, at bottom of small reserve next to ice wall
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Appendix C: GPR Field Drawing

Figure A1: GPR survey field sketch.
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Appendix D: Copyright Documentation
This appendix includes copyright documentation for figures used in this thesis. The source(s) for
each figure is cited in the figure description. A good faith effort was put forth in contacting each copyright
holder to obtain permission/licensing. The efforts to obtain copyright permissions for the applicable figures
are described below. These descriptions are followed by permission documents and fair use arguments.
Figure 1
Map generated using ArcMAP10.4 software (http://desktop.arcgis.com/en/arcmap/) with data freely
available from the U.S. Geological Survey's Earth Resources Observation and Science (EROS) Center
(https://databasin.org/datasets/7a286ca8a7fa492a9f95d58324ca918c).
Figure 2
According to the Copyright Clearance Center (CCC), the rights to “Scărişoara Glacier Cave: Monographic
study” (Racoviţă & Onac, 2000) could not be identified. The Romanian publisher, Editura Carpatica, has
since gone out of business. Through a Romanian colleague, calls were made locally to confirm closure. There
is no indication of a transfer of copyright. In addition to efforts to contact the publisher, a fair use worksheet
is included in the following pages for figures from this work. The conclusion from this worksheet is that the
use of the figure is likely fair use.
Figure 3, 4, 5
These figures are also sourced from “Scărişoara Glacier Cave: Monographic study” (Racoviţă & Onac, 2000).
Their use is the same as described above and in the attached fair use worksheet. However, in “Scărişoara
Glacier Cave: Monographic study”, the figures were adapted from “Contributions à l’étude du complexe
karstique de Scărişoara” (Rusu et al., 1970), an article published in Annales Spéléologie. Because Editura
Carpatica could not be reached for information regarding its use of these figures, a good faith effort was
made to contact the publisher and/or rights holder for the original publication. The CCC listed the publisher
of Annales Spéléologie as the Centre national de la recherche scientifique (CNRS), and the rights holder as
the Center Francais D’exploitation du Droit de Copie (CFC). The journal itself is no longer in business, so it
is assumed that the rights had been transferred. Both the CNRS and CFC were contacted. The CNRS
responded that they no longer had the rights, and they believed that a simple citation is all that would be
necessary. As of May 3, 2017, the CFC has not responded to requests for information. In an abundance of
caution, a fair use worksheet was completed with the conclusion that the use of these figures, in regards to
the 1970 article, is likely free use. The fair use worksheet and communications with the publisher are attached.
Figure 6
This figure is from “Sur la structure méroclimatique des cavités souterraines” (Racoviţă, 1984). The journal
Theoretical and Applied Karstology is published by the Institute of Speleology “Emil Racoviţă”, which has
granted permission for its use in the attached documentation.
Figure 10
This figure is composed of several from “OpenMVG: An Open Multiple View Geometry library” (Moulon et
al., 2017). Specifically, these figures were taken from the “openMVG Documentation, Release 1.1”. This is an
open sourced project. The author was contacted directly and granted permission for its use. The
documentation for permission is attached.
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INSTRUCTIONS
Check all boxes that apply, and keep a copy of this form for your records. If you have questions,
please contact the USF General Counsel or your USF Tampa Library Copyright Librarian.

Jackson Hubbard
5/1/17
Name: ______________________________________
Date:____________________________
Figure 2, 3, 4, & 5
Class or Project: ________________________________________________________________
Scărişoara Glacier Cave: Monographic study

Title of Copyrighted Work: ________________________________________________________
PURPOSE AND CHARACTER OF THE USE
Likely Supports Fair Use
☐ Educational
☐ Teaching (including multiple copies for
classroom use)
☐ Research or Scholarship
☐ Criticism, Parody, News Reporting or
Comment
☐ Transformative Use (your new work relies on
and adds new expression, meaning, or message
to the original work)
☐ Restricted Access (to students or other
appropriate group)
☐ Nonprofit

Likely Does Not Support Fair Use
☐ Commercial
☐ Entertainment
☐ Bad-faith behavior
☐ Denying credit to original author
☐ Non-transformative or exact copy
☐ Made accessible on Web or to public
☐ Profit-generating use

Overall, the purpose and character of your use ☐supports fair use or ☐does not support fair use.

NATURE OF THE COPYRIGHTED MATERIAL
Likely Supports Fair Use

Likely Does Not Support Fair Use

☐ Factual or nonfiction
☐ Creative or fiction
☐ Important to favored educational objectives
☐ Consumable (workbooks, tests)
☐ Published work
☐ Unpublished
Overall, the nature of the copyrighted material ☐supports fair use or ☐does not support fair use.

AMOUNT AND SUBSTANTIALITY OF MATERIAL USED IN RELATION TO WHOLE
Likely Supports Fair Use
Likely Does Not Support Fair Use
☐ Small amount (using only the amount
necessary to accomplish the purpose)
☐ Amount is important to favored socially
beneficial objective (i.e. educational objectives)
☐Lower quality from original (ex. Lower
resolution or bitrate photos, video, and audio)

☐ Large portion or whole work
☐ Portion used is qualitatively substantial (i.e. it
is the ‘heart of the work’)
☐Similar or exact quality of original work
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Overall, the amount and substantiality of material used in relation to the whole ☐supports fair use or
☐does not support fair use.

EFFECT ON THE MARKET FOR ORIGINAL
Likely Supports Fair Use

Likely Does Not Support Fair Use

☐ No significant effect on the market or
☐ Replaces sale of copyrighted work
potential market for the original
☐ Significantly impairs market or potential
☐ No similar product marketed by the copyright market for the work
holder
☐ Numerous copies or repeated, long-term use
☐ You own a lawfully acquired copy of the
☐ Made accessible on Web or to public
material
☐ Affordable and reasonably available
☐ The copyright holder is unidentifiable
permissions or licensing
☐ Lack of licensing mechanism for the material
Overall, the effect on the market for the original ☐supports fair use or ☐does not support fair use.

CONCLUSION
The combined purpose and character of the use, nature of the copyrighted material, amount and
substantiality of material used in relation to the whole and the effect on the market for the original
☐likely supports fair use or ☐likely does not support fair use.

Note: Should your use of copyrighted material not support fair use, you may still be able to locate and
request permissions from the copyright holder. For help on this, please feel free to contact your
Copyright Librarian.

This worksheet has been adapted from:
Cornell University's Checklist for Conducting A Fair use Analysis Before Using Copyrighted Materials:
https://copyright.cornell.edu/policies/docs/Fair_Use_Checklist.pdf
Crews, Kenneth D. (2008) Fair use Checklist. Columbia University Libraries Copyright Advisory Office.
http://copyright.columbia.edu/copyright/files/2009/10/fairusechecklist.pdf
Smith, Kevin; Macklin, Lisa A.; Gilliland, Anne. A Framework for Analyzing any Copyright Problem. Retrieved from:
https://d396qusza40orc.cloudfront.net/cfel/Reading%20Docs/A%20Framework%20for%20Analyzing%20a
ny%20Copyright%20Problem.pdf
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INSTRUCTIONS
Check all boxes that apply, and keep a copy of this form for your records. If you have questions,
please contact the USF General Counsel or your USF Tampa Library Copyright Librarian.

Jackson Hubbard
5/1/17
Name: ______________________________________
Date:____________________________
Figures 3, 4, 5
Class or Project: ________________________________________________________________
Contributions à l’étude du complexe karstique de Scărişoara
Title of Copyrighted Work: ________________________________________________________
PURPOSE AND CHARACTER OF THE USE
Likely Supports Fair Use
☐ Educational
☐ Teaching (including multiple copies for
classroom use)
☐ Research or Scholarship
☐ Criticism, Parody, News Reporting or
Comment
☐ Transformative Use (your new work relies on
and adds new expression, meaning, or message
to the original work)
☐ Restricted Access (to students or other
appropriate group)
☐ Nonprofit

Likely Does Not Support Fair Use
☐ Commercial
☐ Entertainment
☐ Bad-faith behavior
☐ Denying credit to original author
☐ Non-transformative or exact copy
☐ Made accessible on Web or to public
☐ Profit-generating use

Overall, the purpose and character of your use ☐supports fair use or ☐does not support fair use.

NATURE OF THE COPYRIGHTED MATERIAL
Likely Supports Fair Use

Likely Does Not Support Fair Use

☐ Factual or nonfiction
☐ Creative or fiction
☐ Important to favored educational objectives
☐ Consumable (workbooks, tests)
☐ Published work
☐ Unpublished
Overall, the nature of the copyrighted material ☐supports fair use or ☐does not support fair use.

AMOUNT AND SUBSTANTIALITY OF MATERIAL USED IN RELATION TO WHOLE
Likely Supports Fair Use
Likely Does Not Support Fair Use
☐ Small amount (using only the amount
necessary to accomplish the purpose)
☐ Amount is important to favored socially
beneficial objective (i.e. educational objectives)
☐Lower quality from original (ex. Lower
resolution or bitrate photos, video, and audio)

☐ Large portion or whole work
☐ Portion used is qualitatively substantial (i.e. it
is the ‘heart of the work’)
☐Similar or exact quality of original work
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Overall, the amount and substantiality of material used in relation to the whole ☐supports fair use or
☐does not support fair use.

EFFECT ON THE MARKET FOR ORIGINAL
Likely Supports Fair Use

Likely Does Not Support Fair Use

☐ No significant effect on the market or
☐ Replaces sale of copyrighted work
potential market for the original
☐ Significantly impairs market or potential
☐ No similar product marketed by the copyright market for the work
holder
☐ Numerous copies or repeated, long-term use
☐ You own a lawfully acquired copy of the
☐ Made accessible on Web or to public
material
☐ Affordable and reasonably available
☐ The copyright holder is unidentifiable
permissions or licensing
☐ Lack of licensing mechanism for the material
Overall, the effect on the market for the original ☐supports fair use or ☐does not support fair use.

CONCLUSION
The combined purpose and character of the use, nature of the copyrighted material, amount and
substantiality of material used in relation to the whole and the effect on the market for the original
☐likely supports fair use or ☐likely does not support fair use.

Note: Should your use of copyrighted material not support fair use, you may still be able to locate and
request permissions from the copyright holder. For help on this, please feel free to contact your
Copyright Librarian.

This worksheet has been adapted from:
Cornell University's Checklist for Conducting A Fair use Analysis Before Using Copyrighted Materials:
https://copyright.cornell.edu/policies/docs/Fair_Use_Checklist.pdf
Crews, Kenneth D. (2008) Fair use Checklist. Columbia University Libraries Copyright Advisory Office.
http://copyright.columbia.edu/copyright/files/2009/10/fairusechecklist.pdf
Smith, Kevin; Macklin, Lisa A.; Gilliland, Anne. A Framework for Analyzing any Copyright Problem. Retrieved from:
https://d396qusza40orc.cloudfront.net/cfel/Reading%20Docs/A%20Framework%20for%20Analyzing%20a
ny%20Copyright%20Problem.pdf
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---------- Forwarded message ---------From: Martine BERTEA <martine.bertea@cnrseditions.fr>
To: "Schmidt, Leetta" <lmschmidt@usf.edu> Cc:
Bcc:
Date: Wed, 26 Apr 2017 13:57:16 +0000
Subject: RE: permissions for figures from Annales Spéléologie

Hello,
CNRS éditions don’t handle these rights .
I would suggest to mention the sources and that’s it.

Martine Bertéa
Rights Director +33.1.53.10.27.14
www.cnrseditions.fr

De : Schmidt, Leetta [mailto:lmschmidt@usf.edu]
Envoyé : mercredi 26 avril 2017 15:26
À : Martine BERTEA
Objet : permissions for figures from Annales Spéléologie
To Whom It May Concern,
I am working with a graduate student at my university who is working on a paper and would like
to use figures from: Rusu, T., Racoviţa, G., Coman, D., 1970. Contributions à l’étude du
complexe karstique de Scărişoara. Annales Spéléologie, 25(2), 383–408. Can you instruct us on
the best way to obtain permissions for this use?
Sincerely,
LeEtta
LeEtta Schmidt
Resource Sharing and Copyright Librarian
4202 E Fowler Ave LIB107
Tampa, FL 33620
lmschmidt@usf.edu 813-974-1627
voice
813-974-3016 fax
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A C A D E M I A

R O M Â N Ă

INSTITUTUL DE SPEOLOGIE”EMIL RACOVIŢĂ”
Calea 13 Septembrie, nr. 13
R0-50711, BUCURESTI
ROMÂNIA

tel: 40-1- 318 81 06 int.2729
40-1- 311 08 29
tel/fax: 40-1- 318 81 32

Nr. 123 /4.24.2017

To whom it may concern:
Hereby, the Institute of Speleology "Emil Racovita”, publisher of the Theoretical and
Applied Karstology journal, grants permission to Jackson Hubbard to use any of the
figures from the following paper:
Racoviţă, G. 1984. Sur la structure méroclimatique des cavités souterraines.
Theoretical and Applied Karstology, 1: 123-130.
When citing any of the figures, please add this text at the end of your figure caption:
modified from Racovita, 1984 with permission from publisher.
Thank you for your interest in our journal

Dr. Ioan Povara
Head of the Institute of Speleology "Emil Racovita”
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Jackson Hubbard <jackdhubb@gmail.com>

Re: Image use in graduate thesis (copyright permission)
Pierre Moulon <pmoulon@gmail.com>
To: Jackson Hubbard <jackdhubb@gmail.com>

Thu, Apr 20, 2017 at 2:29 PM

Hi Jackson,
For sure I would be happy that you reuse my graphics.
Feel free to use them and cite that the images comes from my PhD work or from the OpenMVG project.
See here about how to cite my PhD thesis document https://hal-enpc.archives-ouvertes.fr/tel-00996935
If you want to cite OpenMVG you can cite this:
https://link.springer.com/chapter/10.1007/978-3-319-56414-2_5
Moreover if you have question about how using SfM for your needs don't hesitate to continue the
discussion ;)
Regards/Cordialement,
Pierre M
[Quoted text hidden]
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